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ABSTRACT 

The  addition  of  steel  fibers  to  plain  concrete  has  been 
shown  to  improve  many  of  the  material's  engineering  properties. 
These  improvements  have  brought  about  new  applications  for  the 
material,  requiring  the  mechanical  properties  under  multidimen¬ 
sional  stress  states.  This  provides  the  basis  for  the  research 
program  described  herein. 

A  review  of  the  state-of-the-art  research  on  steel  fiber 
reinforced  concrete  (SFRC)  is  given  and  a  review  of  the  behavior 
and  strength  of  plain  concrete  subjected  to  multi  axial  stresses 
is  presented. 

Two  series  of  tests  on  SFRC  were  conducted.  The  first 
preliminary  series,  provides  results  of  some  basic  tests  on 
concrete  randomly  mixed  with  each  of  five  types  of  commercially 
available  steel  fibers.  This  information  allowed  the  determina¬ 
tion  of  the  optimum  fiber  to  use  in  the  second,  final  test  series 
where  the  properties  of  SFRC  under  three-dimensional  compressive 
loadings  are  investigated. 

A  fluid-cushion,  cubical  testing  device  was  used  to  obtain 
the  behavior  of  the  SFRC  along  various  monotonic  stress  paths  in 
the  deviatoric  plane.  A  description  of  the  apparatus  and  testin' 
program  is  presented. 


The  results  from  the  final  test  series  were  used  to  calibrate 
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several  mathematical  constitutive  models  including  the  Willam- 
Warnke  and  Lade  failure  criteria  for  strength  and  Gerstle's 
"Simple  Formulation"  for  stress-strain  behavior.  The  predictions 
from  these  models  are  compared  with  the  experimental  data,  with 
generally  favorable  agreement. 

The  conclusions  drawn  from  the  test  results  are  that  the 
addition  of  steel  fibers  to  plain  concrete  increases  the  tough¬ 
ness,  ductility  and  stiffness  of  the  material.  The  greatest 
improvement  of  the  tensile  strength  is  provided  by  the  longer 
fibers,  whereas  the  opposite  is  true  regarding  the  compressive 
strength.  The  reproducibility  of  the  experimental  results  is 
good  and  the  SFRC  proved  to  be  nearly  isotropic  as  observed  from 
the  multi  axial  tests.,- 

Both  of  the  investigated  failure  criteria  predicted  the 
strengths  of  the  SFRC  very  well,  when  calibrated  for  that 
material.  However  the  Lade  failure  criterion  proved  to  be  less 
sensitive  to  the  input  data  than  the  Willam-Warnke  failure 
criterion.  Gerstle's  "Simple  Formulation"  predicted  the  stress- 
strain  behavior  of  the  SFRC  with  reasonable  accuracy  for  the  type 
of  tests  conducted  but  more  experimental  studies  are  needed  to 
verify  if  the  formulation  will  work  for  other  types  of  tests. 
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CHAPTER  1 


INTRODUCTION  AND  PREVIOUS  WORK 


1.1  Introduction 

The  addition  of  fibers  to  cementitious  materials  improves  many 
of  the  engineering  properties  of  the  materials  by  providing  for  a 
different  deformation  and  failure  mechanism  from  that  of  the  plain 
matrix  material.  In  steel  fiber  reinforced  concrete,  composite 
failure  can  occur  in  two  ways,  depending  on  the  type  of  fibers 
used.  For  straight  fibers,  the  composite  failure  generally  occurs 
due  to  a  bond  failure  at  the  fiber-matrix  interface.  The  first 
crack  in  the  composite  occurs  when  the  composite  strain  exceeds  the 
crack  strain  of  the  matrix.  On  further  loading,  the  fibers 
(stiffer  than  the  plain  matrix)  act  as  crack  arrestors,  and  a  period 
of  slow  crack  propagation  with  progressive  debonding  of  the  straight 
fibers  follows.  Near  ultimate  load,  unstable  crack  propagation 
occurs  simultaneously  with  the  interfacial  bonding  reaching  the 
ultimate  bond  strength  between  the  fibers  and  the  plain  matrix,  and 
failure  by  fiber  pullout  occurs.  However,  for  deformed  or  bent 
fibers,  the  composite  failure  mechanism  is  slightly  different. 

During  the  period  of  slow  crack  propagation,  debonding  of  the 
deformed  fibers  generally  does  not  occur  because  the  bent  ends  act 
as  anchors  increasing  the  bond  strength  of  the  fibers  in  addition  to 
the  bond  developed  along  the  straight  part  of  the  fiber-matrix 
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interface.  Therefore,  rather  than  fiber  pullout  occurlng  when 
unstable  crack  propagation  begins,  the  fibers  break  along  the  crack 
planes  when  the  ultimate  load  Is  approached. 

Let  it  be  pointed  out  that  the  presence  of  any  fiber  type  does 
very  little  when  crushing  of  the  composite  occurs  simply  because  the 
essential  part  of  the  matrix  required  to  develop  the  bond  with  the 
fibers  has  been  destroyed. 

Regardless  of  the  fiber  type,  fiber  additions  to  concrete 
provide  a  convenient  and  practical  means  of  achieving  improvements 
in  many  of  the  material's  engineering  properties.  Fiber  reinforced 
concrete  possesses  a  higher  tensile  strength  and  modulus  of  rupture 
than  plain  concrete  as  well  as  more  Impact  and  fatigue  resistance. 
Although  the  compressive  strength  is  not  much  improved,  the  brittle 
behavior  that  would  occur  in  plain  concrete  after  peak  strength  is 
not  as  prevalent  and  a  ductile  behavior  is  obtained,  giving  rise  to 
an  Increase  in  toughness  over  that  observed  in  plain  concrete. 

Such  improvements  In  the  concrete's  properties  by  the  presence 
of  fibers  brought  about  new  applications  of  the  material,  such  as 
pressure  vessels  for  nuclear  reactors,  advanced  underground 
protective  structures,  tunnel  linings,  overlays  for  bridge  decks, 
highways  and  runways,  and  slope  stabilization.  These  are  some  of 
the  applications  where  concrete  or  concrete-type  materials  are 
subjected  to  multidimensional  stress  states.  In  these  types  of 
situations,  the  material  properties  of  a’'!  the  constituents  must  be 
accurately  represented  in  order  to  take  full  advantage  of  the 
versatile  numerical  schemes  developed  for  structural  analysis  for 
both  static  and  dynamic  loadings.  It  becomes  necessary  to 
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characterize  the  behavior  of  the  structural  elements  under  general 
three-dimensional  loadings.  Not  only  must  three-dimensional  tests 
be  performed  to  elucidate  the  response  of  the  material,  but  its 
response  must  also  be  analyzed  and  suitable  constitutive  models 
be  derived  for  incorporation  into  the  structural  analysis  In  order 
that  the  results  of  the  material  characterization  be  utilized  in 
appl 1  cations. 

The  phenomenological  formulation  of  the  constitutive  relations 
of  steel  fiber  reinforced  conrete  has  been  totally  lacking.  This  is 
perhaps  not  surprising,  considering  the  fact  that  serious  studies  of 
the  stress-strain  behavior  for  plain  portland  cement  concrete  have 
only  started  in  the  last  few  years.  In  view  of  the  fact  that  steel 
fiber  reinforced  concrete  is  seeing  Increasing  usage  in  situations 
where  multidimensional  stress  states  arise,  and  recognizing  the 
deficiency  in  characterizing  this  type  of  material,  research  was 
performed  at  the  University  of  Colorado  on  a  systematic 
Investigation  of  the  mechanical  properties  of  such  materials. 

This  report  contains  the  results  of  the  experimental -analytical 
study  on  the  constitutive  properties  of  one  type  of  steel  fiber 
reinforced  concrete  under  three-dimensional  compressive  loadings. 
Included  are  the  stress-strain  and  strength  behavior  of  the 
specimens  tested.  The  experimental  data  is  analyzed  not  only  to 
determine  the  suitability  of  various  failure  hypotheses,  but  also  to 
formulate  constitutive  models  on  the  basis  of  octahedral  quantities 
and  plasticity  concepts. 
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1.2  Previous  Work 

This  section  Is  separated  Into  two  parts.  In  the  first  part, 
some  of  the  previous  work  concerning  the  determination  and 
characterization  of  the  material  and  mechanical  properties  of  fiber 
reinforced  concrete  materials  Is  reviewed  and  some  applications  of 
the  composite  discussed.  However,  none  of  this  work  has  been 
concerned  with  the  constitutive  properties  of  fiber  reinforced 
concrete  under  multi  axial  states  of  stress.  Some  of  the  strength 
and  behavior  criteria  for  plain  concrete  subjected  to  multi  axial 
loads  will  be  used  (and  modified  If  necessary)  to  represent 
properties  of  the  fiber  concrete.  Therefore  In  the  second  part  of 
this  section  a  synopsis  Is  given  of  some  of  the  state-of-the-art 
work  dealing  with  the  strength  and  behavior  of  plain  concrete 
materials  subjected  to  multi  axial  states  of  stress  either 
experimentally,  analytically,  or  both. 

1.2.1  Fiber  Reinforced  Concrete  and  Mortar 

Fiber  additions  to  concrete  offer  a  convenient  and  practical 
means  of  achieving  Improvements  In  many  of  the  engineering 
properties  of  the  material  such  as  fracture  toughness,  fatigue 
resistance,  impact  resistance  and  flexural  strength  (82).  The  idea 
of  fiber  reinforcement  applications  is  not  new.  As  early  as  1910, 
Potter  (5)  made  some  attempt  to  apply  short  lengths  of  steel  wire 
to  Increase  the  tensile  strength  of  concrete.  However,  serious 
efforts  to  develop  applications  for  fiber  reinforced  concrete 
started  about  10-15  years  ago.  Application  areas  In  which 
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significant  field  trials  have  taken  place  Include  bridge  decks  and 
pavements  (highway  and  airfield),  mining  and  tunneling,  slope 
stabilization,  refractory  applications,  concrete  repair,  industrial 
floors,  and  precast  concrete  products. 

Studies  on  the  strength  of  concrete  In  light  of  the  advances 
made  in  fracture  mechanics  indicated  that  the  tensile  strength  of 
concrete  could  be  substantially  increased  by  providing  suitably 
arranged  and  closely  spaced  wire  rei nforcement  (109).  It  was 
recognized  in  these  studies  that  the  low  tensile  strength  of 
concrete  is  due  to  the  initiation  and  propagation  of  tension  cracks 
and  the  addition  of  fibers  Increased  the  tensile  strength  by 
retarding  the  cracking  of  the  matrix.  This  was  demonstrated  by 
Romualdi  and  Batson  (109)  for  the  case  of  continuous  wires  arranged 
parallel  to  one  another  in  the  direction  of  the  major  principal 
stress.  They  found  that  the  tensile  strength  in  this  type  of  matrix 
is  Inversely  proportional  to  the  square  root  of  the  wire  spacing. 
Similar  results  were  obtained  by  Romualdi  and  Mandel  (110)  with 
short  lengths  of  wire,  uniformly  distributed  and  randomly  oriented 
rather  than  having  a  preferred  orientation.  Kar  and  Pal  (65)  also 
investigated  the  effective  wire  spacing  but  considered  bond 
deficiency  of  the  short  fibers  in  addition  to  their  random 
orientation. 

The  ACI  Committee-544  (4)  reported  on  some  of  the  mechanical 
and  material  properties  of  fiber  reinforced  concrete.  Its 
preparation  and  applications.  Included  in  the  mechanical 
properties  is  the  concept  of  fiber  spacings,  relating  it  to 
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strength,  and  the  effects  of  fibers  on  ultimate  strength,  as  shown 
In  Fig.  1.1.  The  material  properties  briefly  discussed  Include 
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Fig.  1.1. 


Ultimate  Strength  as  Linear  Function  of  pi/d 
(from  unpublished  data  by  the  United  States 
Steel  Corp.)  (p  =  volume  percentage  of 
fibers;  A/d  =  fiber  aspect  ratio). 


static,  dynamic  and  fatigue  strength,  resistance  to  abrasion  and 
friction,  and  creep  and  corrosion  behavior  of  the  composite 
material.  While  examining  load-deflection  curves  in  flexure  and 
stress-strain  curves  in  tension  and  compression,  Shah  and  Rangan 
(117)  observed  that  fibers  have  a  negligible  effect  on  the  load  at 
which  cracks  Initiate  In  the  matrix  (proportional  limit)  when 
compared  to  plain  concrete  and  concrete  with  conventional  types  of 
reinforcement.  The  compression  behavior  is  shown  in  Fig.  1.2. 
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Fig.  1.2.  Stress-Strain  Curves  for  Concrete  Reinforced 
with  Stirrups  and  Fibers  Subject  to  Uniaxial 
Compression.  [Shah,  et  al .  (117)]. 


However,  it  was  observed  that  fibers  considerably  increase  the 
resistance  of  concrete  to  crack  propagation,  evidenced  by  increased 
tensile  and  flexural  strengths  and  considerably  greater  toughness 
and  energy  absorption  ability.  See  Figs.  1.3  and  1.4.  Oakley  and 
Proctor  (95)  also  presented  tensile  stress-strain  curves  for  a 
number  of  different  types  of  glass  fiber  reinforced  cement 
composites  with  cement  paste  and  cement-sand  mortars  as  matrices. 
They  have  related  composite  properties  to  crack  spacing  and  to 
fiber  strength  and  stiffness.  Chen  and  Carson  (36)  performed  tests 


to  determine  the  influence  of  length  and  volume  of  randomly 
oriented  steel  fiber  wire  on  the  strength  and  ductility  of  mortar 
and  concrete  and  suggested  lengths  and  percentage  of  fiber 


Fig.  1.3.  Effect  of  Volume  of  Fibers  in  Tension 
[Shah,  et  al_.  (117)]. 

rei nforcement  for  optimum  compressive  and  tensile  strength.  Ali, 
Majumdar  and  Singh  (2)  studied  the  effect  of  fiber  length  and 
content  on  the  composite  properties  of  glass  fiber  reinforced 
cement  reporting  four  to  five  times  the  bending  strength,  three  to 
four  times  the  tensile  strength  and  fifteen  to  twenty  times  the 
impact  strength  of  unreinforced  cement.  Shah  and  Naaman  (116) 
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Fig.  1.4. 


Effect  of  Volume  of  Fibers  in  Flexure 
[Shah,  et  al.  (117)]. 


conducted  similar  tests  on  mortar  reinforced  with  different  lengths 
and  volumes  of  steel  and  glass  fibers  and  found  that  the  tensile 
and  flexural  strengths  were  two  to  three  times  those  of  plain 
mortar  while  the  corresponding  strains  or  deflections  were  as  much 
as  ten  times  those  of  plain  mortar.  Swamy  and  Mangat  (126)  reported 
on  the  significant  role  of  steel  fiber  reinforcement  In  concrete  In 
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flexure  by  increasing  the  post-cracking  properties  of  ductility, 
tensile  strain  capability  and  energy  absorption  capacity. 

Halvorsen,  et  aK ,  (55)  presented  Information  regarding  durability 
characteristics  and  some  physical  properties  Including  strength, 
modulus  of  elasticity,  corrosion  and  shrinkage  of  steel  fiber 
reinforced  concrete  using  regulated-set  and  Type  I  portland 
cements.  Halvorsen  (53)  and  Johnston  (63)  concluded  that  many  of 
the  mechanical  properties  of  fiber  reinforced  mortar  and  concrete 
are  governed  by  the  product  of  fiber  concentration  (volume)  and 
aspect  ratio  (pt/d).  Aleszka  and  Beaumont  (1)  studied  the  fracture 
mechanisms  of  concrete  reinforced  with  various  lengths,  diameters 
and  volumes  of  steel  fibers.  They  found  that  the  fracture  stress 
and  work  of  fracture  (work  done  in  failing  beams  in  bending)  is 
directly  proportional  to  fiber  volume  fraction  and  length  and 
inversely  proportional  to  fiber  diameter. 

Numerous  analytical  studies  have  been  conducted  based  directly 
on  experimental  results  or  derived  from  existing  theories,  then 
checked  by  experiment.  Aveston  (17,19)  has  described  such 
theoretical  models  for  the  behavior  of  brittle  matrix  composites. 
Stepanova  presented  a  theory  enabling  the  prediction  of  the 
mechanical  properties  of  fiber  reinforced  concrete  as  reported  by 
Trambovetsky  (132).  Her  results  proposed  a  precise  definition  of 

i 

inter-fiber  spacing,  being  similar  to  that  derived  by  Romualdi  and 
Mandel  (110).  Pakotlprapha,  Pama  and  Lee  (98)  presented  explicit 
expressions  derived  from  the  laws  of  mixture  for  predicting  the 
mechanical  properties  in  flexure,  torsion,  axial  compression  and 
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tension  of  random  steel  fiber  reinforced  cement  mortar. 

Experimental  results  proved  to  be  in  good  agreement  with  the 
theoretically  predicted  values.  Nair  (91)  theoretically  determined 
the  stress  distributions  and  elastic  properties  of  glass  fiber 
reinforced  cement  prior  to  matrix  cracking  and  also  interpreted  the 
transitional  region  of  the  stress-strain  curve  prior  to  the  onset 
of  multiple  cracking.  Zonsveld  (137)  reported  on  properties  and 
testing  of  high  and  low  modulus  of  elasticity  fibers  other  than 
steel.  Nielsen  and  Chen  (93)  calculated  Young's  modulus  of 
fiber-filled  composites  using  equations  based  on  the  classical 
theory  of  elasticity;  the  results  are  applicable  only  for  the  case 
of  randomly  oriented  fibers  in  a  plane.  Edgington,  Hannant  and 
Williams  (45)  aimed  at  determining  some  of  the  basic  engineering 
properties  of  steel  fiber  reinforced  concrete  and  investigating  the 
fiber  strengthening  mechanism.  Swamy  (123)  also  studied  the 
mechanics  of  fiber  reinforcement,  the  various  factors  influencing 
the  effectiveness  of  the  reinforcement  and  the  efficiency  of  stress 
transfer  through  the  fibers.  Khrometz  (68)  studied  the  behavior  of 
composite  fiber  reinforced  concrete  (with  layers  of  gypsum,  glass 
fiber  and  foamed  plastic)  and  established  relationships  between 
principal  strength  (compressive  and  tensile)  and  strain 
parameters.  Kurbatov  and  Vylegzhanin  (75)  studied  the  behavior  of 
fiber  reinforced  cement-sand  mortar  in  thin-walled  structures  and 
determined  the  effect  of  water-cement  ratio  on  the  strength  of  the 
resulting  mix.  Henager  and  Doherty  (60)  presented 
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an  analytical  model  based  on  the  ultimate  strength  approach  for 
beams  reinforced  with  steel  bars  In  addition  to  steel  fibers  taking 
Into  account  the  bond  stress,  fiber  stress,  fiber  aspect  ratio  and 
volume  fraction.  The  theoretical  ultimate  moment  for  these  beams 
showed  good  correlation  with  experimental  values. 

The  workability  and  costs  of  fiber  reinforced  concrete  as 
opposed  to  plain  concrete  were  discussed  by  Kesler  and 
Halvorsen  (67).  They  pointed  out  that  fiber  reinforced  concrete 
becomes  a  premium  product  for  use  In  severe  environments  of  wear, 
cavitation,  impact  and  blast  that  would  quickly  erode  or  destroy 
plain  concretes  regardless  of  strength.  Moens  (88)  points  out  that 
workability  of  steel  fiber  reinforced  concrete  is  a  function  of 
fiber  and  aggregate  content  and  aggregate  grading  and  presents 
specific  design  criteria  (to  be  discussed  later)  for  maintaining 
good  workability  in  the  mix.  Brown  (30)  provides  some  design 
formulas  for  steel  fiber  reinforced  concrete;  one  for  calculating 
the  allowable  flexural  stress  of  the  composite  and  the  other  for 
calculating  the  thickness  of  an  overlay.  Both  utilize  the 
increased  flexural  strength  of  the  fiber  reinforced  concrete  over 
that  of  plain  concrete.  For  calculating  the  allowable  flexural 
strength  of  fiber  reinforced  concrete  when  it  is  used  to  replace  or 
reduce  the  quantity  of  reinforcing  steel  the  following  analysis  is 
recommended: 


t(M0R  - 
ym 


(1.1) 


where: 


f  *  allowable  flexural  stress 

a  =  0.85 

MOR  =  modulus  of  rupture  of  steel  fibrous  concrete 

s  =  probability  factor  equal  to  20%  times  MOR 

ym  =  quality  control  factor  (1.4  precast;  1.5  cast  In  place) 

This  stress  should  be  greater  than  the  stress  computed  using  load 

factor  design  (f  =  M/S).  When  designing  overlays.  Brown 

recommended  the  following  formula: 


where: 

To  =  thickness  of  overlay 

To  =  thickness  of  plain  concrete  using  MOR  of  fiber 
reinforced  concrete 

Tqb  =  thickness  of  plain  concrete  using  MOR  of  existing 
pavement 

Te  =  thickness  of  existing  pavement 
N  =2  for  unbonded  overlay 
N  =1.4  for  partially  bonded  overlay 

N  =1.0  for  bonded  overlay 

C  =  1.0 

C  =0.75  Initial  cracks  (condition  of 

C  =0.35  badly  cracked  existing  pavement). 

Halvorsen,  et  al_.  (54)  and  Herring  and  Kesler  (61)  provided 

information  regarding  the  behavior  of  steel  fiber  reinforced 

concretes  for  applications  in  tunnel  linings  where  combined 

compressive  and  flexural  loads  occur.  Included  is  a  catalog  of 

standard  mixes  for  tunnel  liner  concretes  and  the  elastic 

properties  of  the  composites  employed  in  the  investigations. 
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Schrader  and  Munch  (113)  reported  on  a  situation  at  Libby  Dam  where 
fibrous  concrete  was  selected  for  the  repair  work  required.  They 
described  the  various  other  repair  materials  and  methods 
considered,  then  provided  a  detailed  description  of  the  fibrous 
concrete  mix  design  and  evaluated  the  results  obtained. 

Beam-column  joints  of  "ductile  concrete"  for  seismic-resistant 
structures  are  required  to  flex  and  absorb  large  amounts  of  energy 
during  an  earthquake.  Because  of  the  amount  of  steel  used,  such 
joints  show  a  ductile  response  to  loading  and  thus  the  name 
"ductile  concrete"  (25).  Henager  (59)  describes  tests  performed  on 
such  ductile  concrete  joints  designed  to  minimize  the  steel 
congestion  common  to  such  joints.  He  conducted  an  experimental 
comparison  on  two,  full-sized,  beam-column  joints:  one,  a 
conventional  joint  using  hoops  In  accordance  with  the 
seismic-resistant  design  specifications  of  the  American  Concrete 
Institute  (ACI  318-71),  and  the  other,  a  modified  joint  using  steel 
fibrous  concrete  In  the  joint  region  in  lieu  of  the  hoops.  The 
joints  were  subjected  to  earthquake  type  loadings.  The  results 
proved  that  the  modified  joint  developed  a  higher  ultimate  moment 
capacity,  greater  stiffness,  appeared  more  damage  tolerant  and 
resisted  cracking  better  than  the  conventional  joint.  Chen  and 
Carson  (37)  conducted  experiments  designed  to  determine  the 
influence  of  fibers  on  the  bearing  capacity  and  ductility  of  fiber 
reinforced  concrete  materials.  It  was  found  that  the  bearing 
capacity  of  the  reinforced  material  was  significantly  higher  than 
that  of  the  plain  concrete.  The  performance  of  both  materials 
could  be  predicted  through  the  use  of  plastic  limit  analysis  In  the 
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theory  of  plasticity  but  the  more  ductile  fiber  reinforced  material 
conformed  better  to  the  theoretical  predictions. 

As  discussed  in  the  previous  paragraphs,  most  of  the  recent 
research  on  fiber  reinforced  concrete  and  mortar  focuses  on  the 
effects  of  varying  the  fiber  types  and  content,  environmental 
factors  and  placement  techniques,  while  some  attention  has  also 
been  placed  on  the  micromechanics  of  the  fiber  matrix  Interaction. 
While  most  of  the  testing  has  been  done  to  determine  the  basic 
engineering  properties  In  the  uniaxial  compression,  tension  (both 
direct  and  indirect)  and  flexure  modes,  only  one  piece  of  work  by 
Taylor  et  aK  (130)  has  been  reported  on  the  biaxial  loading  of 
fiber  reinforced  mortar.  Even  in  this  report,  only  strength 
properties  are  discussed  with  no  regard  to  behavior.  Their 
investigation  revealed  that  fiber  reinforced  mortar  (FRM) 
containing  2 %  fibers  by  volume  had  a  higher  normalized  ultimate 
strength  as  shown  In  Fig.  1.5  compared  to  normal  weight  concrete 
(NWC)  and  lightweight  concrete  (LWC).  The  authors  also  noted  the 
fiber  reinforced  mortar  had  a  much  higher  strain  capacity, 
toughness,  post-peak  strength  and  post-peak  integrity  than 
conventional  mortar  and  that  under  suitable  biaxial  conditions, 
fiber  reinforced  mortar  behaves  as  an  elasto-plastic  material. 

1.2.2  Plain  Concrete  Response  to  Multi  axial  Stresses 

This  section  does  not  contain  a  historical  review  of  concrete 
response  to  multi  axial  stresses.  A  good  review  of  that  was  done  by 
Andenes  (8)  and  Starovisky  (119).  Another  good  review  describing 
different  multiaxial  test  apparatuses  in  detail  up  to  1972  as  well 


as  strength  and  behavior  results  of  concrete  and  geologic  material 
tested  in  those  apparatuses  is  described  in  four  volumes  of  the 
RILEM  International  Symposium  (107).  This  section  does  constitute 
a  review  of  the  state-of-the-art  concerned  with  experimental  and 
analytical  studies  of  the  behavior  and  strength  of  concrete  under 
combined  loads. 
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Fig.  1.5.  Comparison  of  Strength  Curves 
[Taylor,  et  al .  ( 130)]. 
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A  Reinforced  Concrete  Model  Evaluation  Task  Group  was  formed  by 
Hegemier  (58)  to  evaluate  the  capability  of  concrete  models  to 
describe  the  nonlinear  response  of  reinforced  concrete  protective 
structures  to  dynamic  loads  (MX  missile  sitings  in  particular). 

Their  evaluation  includes  a  critical  review  of  the  physical  and 
theoretical  foundations  of  each  model  as  well  as  their  simulation 
accuracy.  Dodge,  et  al_.  (42)  also  reviewed  and  assessed  the 
analytical  models  available  to  the  designer  of  prestressed  concrete 
reactor  vessels  (PCRV's)  including  a  discussion  of  some  of  the 
constitutive  models  and  failure  criteria  used  (such  as  plasticity 
and  hyperelasticity)  for  representing  the  time-dependent  and 
nonlinear  response  and  strength  of  concrete.  Included  are  published 
comparisons  between  experimental  and  predicted  results,  assessing 
the  validity  of  these  analytical  models. 

The  majority  of  the  literature  on  failure  of  plain  concrete  is 
devoted  to  monotonic,  proportional  loading  (58).  Kupfer,  et  al. 

(74)  presented  experimental  stress-strain  curves  and  constructed 
failure  envelopes  shown  in  Fig.  1.6  for  three  different  concretes 
under  biaxial  stresses.  An  attempt  was  later  made  by  Kupfer  and 
Gerstle  (73)  to  describe  these  deformations  by  means  of  mathematical 
expressions  incorporating  octahedral  quantities  to  predict  the 
strains  resulting  from  arbitrary  plane  stress  states.  Experimental 
results  from  launay  and  Gachon  (83)  were  used  by  Wiliam  and  Warnke 
(134)  to  construct  a  tri axial  failure  envelope  for  concrete,  as 
illustrated  In  Fig.  1.7.  A  schematic  of  the  concrete  failure 
surface  in  three-dimensional  principal  stress  space  Is  furnished  in 
Fig.  1.8  [from  Wiliam  and  Warnke  (134)]. 


Fig.  1.6.  Biaxial  Strength  of  Concrete;  Results  of 

Experimental  Investigation  [Kupfer,  et  al.  (74)] 
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The  preceding  studies,  among  many  others,  were  concerned  with 
the  multi  axial  behavior  and  strength  of  concrete,  using  a  wide 
variety  of  different  materials  and  different  test  methods.  In  order 
to  isolate  the  effects  of  these  variables,  a  cooperative 
concrete  project,  Gerstle,  et  aK  (51),  coordinated  from  the 
University  of  Colorado,  was  recently  completed  where  seven 
institutions  subjected  identically  cast  and  cured  specimens 
(differing  in  size  only)  to  a  variety  of  biaxial  and  triaxial 
loading  conditions,  common  to  all  participants.  It  was  intended  to 
eliminate  the  material  variable  so  that  systematic  differences  in 
the  results  could  be  attributed  entirely  to  the  differences  in  test 
methods.  The  effect  of  the  test  method  is  predominantly  a  function 
of  the  specimen  boundary  conditions,  ranging  from  a  specified 
boundary  condition  for  perfectly  flexible  fluid  cushion  loadings,  to 
a  specified  displacement  boundary  condition  for  perfectly  rigid, 
rough  platens.  The  various  systems,  among  which  all  major  variants 
are  represented,  are  shown  schematically  in  Fig.  1.9  (51).  The 

participants  included: 

Bundesanstalt  fur  Materialpriifung, 

Berlin,  Germany  (BAH) 

Ente  Nazionale  per  l'Energia  Elettrica, 

Milano,  Italy  (ENEL) 

Imperial  College  of  Science  and  Industry, 

London,  England  (ICL) 

Institut  fur  Massivbau,  Technical  University, 

Munich,  Germany  (TUM) 

New  Mexico  State  University,  Las  Cruces, 

New  Mexico,  U.S.A.  (NMSU) 

University  of  California  at  Davis, 

California,  U.S.A.  (UCD) 

University  of  Colorado,  Boulder, 

Colorado,  U.S.A.  (CU) 

The  specimen  geometries  and  loading  conditions  used  are  described  in 
Table  1.1  (51). 
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Fig.  1.10.  Strength  of  Concrete  Under  Biaxial  Loading 
^Gerstle,  et.  al_.  (51)]. 
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Fig.  1.11.  Normalized  Strength  Envelopes 
[Gerstle,  et.  al_.  (51)  ]  . 
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Mean  values  of  the  tri axial  test  data  are  shown  in  Fig.  1.13 
for  one  specified  octahedral  plane.  These  tests  were  performed  by 
first  subjecting  the  specimen  to  a  specified  hydrostatic  stress 
(o0  =  3000  to  8000  psi),  followed  by  deviatoric  loading  along  one 
of  the  three  stress  paths  in  the  octahedral  plane  as  shown  in  Figs. 
1.12  and  1.13. 
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Fig.  1.12.  Load  Paths  for  Triaxial  Loading  in  Different 
Presentations  [Gerstle,  et  al.  (51)]. 


Fig.  1.14  shows  the  failure  strength  data  in  terms  of  octahedral 
shear  and  normal  stresses  for  both  the  biaxial  and  tri axial  results 
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Fig.  1.14.  Biaxial  Strength  Results  Compared  with  Mean  Values  of 
Triaxial  Results  [Gerstle,  et  al_.  (51)]. 

The  authors  point  out  that  the  load  systems  with  high  constraint 
(ENEL-DP,  BAM-DP  and  NMSU-DP)  show  higher  strengths  than  those  with 
low  constraint  (BAM-FP,  NMSU-LP  AND  CU-FC)  and  that  the  shear 
strength  of  the  material  increases  considerably  with  an  increase  In 
confining  pressure. 

To  supplement  the  strength  results  of  the  Cooperative  Concrete 
Project,  stress-strain  relations  obtained  from  the  same  testing 
program  are  presented  and  discussed  in  a  later  paper  by  Gerstle, 
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et  aK  (50)  and  an  attempt  is  made  to  determine  generally  valid 
constitutive  laws  describing  the  multi  axial  behavior  of  the  concrete 
tested.  The  principal  stress-strain  relations  are  transformed  Into 
octahedral  space,  and  the  material  response  Is  expressed  In  terms  of 
stress-  or  strain-dependent,  bulk  and  shear  moduli.  A  coupling 
effect  relating  volume  change  to  stress  deviation  was  observed  In 
this  study  and  also  by  Kupfer  (73). 

The  authors  propose  the  following  relations  in  octahedral  form 
for  the  strains  resulting  from  the  applied  stresses  as 


_  o  .  0 
eo  “  +  TT^ 


_  o 
Yo  “  TZr 


(1.3a) 


(1.3b) 


in  which  a0  and  x0  are  the  octahedral  normal  and  shear  stresses 
respectively,  and  e0  and  y0  are  the  octahedral  normal  and  shear 
strains  respectively.  These  values,  represented  in  terms  of 
principal  stresses  and  strains  are 


oQ  =  -j  (ai+o 2+cr3) 


(1.4a) 


Tq  =  -j  V (ai -02  ) 2  +  (o2-<J3)2  +  (03-01)' 


(1.4b) 


E0  =  1  ( E1 +e2+E3 ) 


(1.4c) 


Y0  8  y  *y(ei-E2)2  +  (e2-e3)2  +  ( e3-e! ) ‘ 


(1.4d) 
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The  other  terms,  K$  (secant  bulk  modulus  relating  volumetric 
strain  e0  to  volumetric  stress  o0),  G$  (secant  shear  modulus 
relating  distortional  strain  y0  octahedral  shear  stress  t0) 
and  H$  (coupling  modulus  relating  the  volumetric  strain  eo  to 
stress  deviation  x0)  are  defined  as 


a  (  e  ) 

Ks(eo)  =  ■  3-  (1.5a) 

x  (y  ) 

gS(yo)  «  (1.5b) 

x  (e  ) 

Hs(eo)  =  (1.50 

The  mean  volumetric  and  deviatoric  stress-strain  curves  of  the 

triaxial  tests  from  this  study  are  shown  in  Figs.  1.15a  and  1.15b 
respectively.  Fig.  1.16  shows  the  coupling  effect  present  between 
octahedral  shear  stress  and  octahedral  normal  strain. 

According  to  the  postulation  In  Eqs.  1.3,  the  stress-strain 
relations  require  the  determination  of  the  three  variable  secant 
moduli,  K,  G  and  H,  obtainable  from  the  octahedral  stress-strain 
curves  according  to  Eqs.  1.5.  The  variations  in  these  moduli  are 
shown  in  Figs.  1.17,  1.18  and  1.19.  Notice  In  Fig.  1.19  that  the 
coupling  modulus  does  not  vary  with  volumetric  strain  e0.  This  is 
because  the  authors  assumed  a  straight  line  relation  between  x0 
and  c o  in  Fig.  1.16.  Therefore  the  coupling  modulus  Ms  becomes 
a  parameter  varying  only  with  hydrostatic  pressure  a0* 


(a)  (b) 


Fig.  1.15.  (a)  Mean  Volumetric  Stress-Strain  Curves  of  Triaxial 

Test  Series  with  Frictionless  Boundaries;  (b)  Mean 
Deviatoric  Stress-Strain  Curves  of  Triaxial  Test 
Series  with  Frictionless  Boundaries  [Gerstle, 
et  al .  (50)]. 
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Fig.  1.16.  Shear  Oilatancy  for  Triaxial  Test  Series 
[Gerstle,  et  al .  (50)]. 


Fig.  1.17.  Bulk  Modulus  Versus  Octahedral  Normal  Strain 
[Gerstle,  et  a 1.  (50)]. 


Fig.  1.18.  Shear  Modulus  Versus  Octahedral  Shear  Strain 
[Gerstle,  et  al.  (50)]. 


Fig.  1.19.  Coupling  Modulus  Versus  Octahedral  Normal  Stress 
[Gerstle,  et^  al_.  (50)]. 

A  soon  to  be  published  study  by  Gerstle  is  being  made  to 
develop  a  simple  formulation  for  concrete  behavior  based  on  the 
preceding  investigation  by  Gerstle,  et  aK  (50)  using  octahedral 
quantities,  where  functional  representations  for  the  tangent  bulk, 
shear  and  coupling  moduli  are  presented.  This  formulation  will 
be  investigated  for  predicting  the  behavior  of  the  steel  fiber 
reinforced  concrete  currently  being  studied,  with  results  reported 
in  Chapter  5. 

Following  mathematical  formulations  for  behavior  of  concrete 
type  materials  come  the  failure  criteria  developed  by  several 
authors  based  on  previous  test  results.  Two  of  these  will  be 
discussed  in  detail  in  Chapter  5  and  therefore  only  a  brief  summary 
will  be  given  here. 

Chen  and  Chen  (33,  34,  35)  describe  an  analytical  constitutive 
relation  of  concrete  under  general  three-dimensional  stress  states, 
assuming  the  concrete  to  be  a  continuous,  isotropic  and  linearly 
elastic-plastic  strain  hardening  fracture  material.  The  intial 


discontinuous  surface,  loading  surfaces,  and  failure  surface  are 
developed  with  the  elastic-plastic  stress-strain  relationships 
derived  from  the  classical  theory  of  plasticity.  These 
stress-strain  relations  are  expressed  explicitly  in  matrix  form  for 
use  in  an  analysis  routine.  This  formulation  is  independent  of  the 
third  stress  invariant,  leaving  it  at  a  disadvantage  because 
concrete  has  been  shown  to  be  strongly  path  dependent,  i.e.,  a 
function  of  the  third  stress  invariant. 

Ottosen  (97)  defines  a  four-parameter  failure  criterion 
containing  all  three  stress  invariants  and  shown  to  give  good 
agreement  with  experimental  results  for  short-time  nonotonic  loading 
over  a  wide  range  of  stress  states.  This  criterion  satisfies  the 
required  characteristics  concerning  smoothness,  convexity,  symmetry 
and  curved  meridians. 

Wiliam  and  Warnke  (134)  developed  a  mathematical  model  with 
five  parameters  for  the  tri axial  failure  surface  of  concrete  type 
materials,  assuming  isotropic  material  behavior.  The  model  contains 
all  three  stress  invariants  and  is  valid  for  stress  states  in  the 
tensile  and  low  or  high  compression  regimes.  It  also  satisfies  the 
required  characteristics  concerning  smoothness,  convexity  and  simple 
Identification  of  model  parameters  from  standard  test  data.  Using 
the  derived  failure  surface,  the  authors  also  describe  two 
constitutive  models  formulated  for  elastic-perfectly  plastic 
behavior  in  compression  and  elastic-perfectly  brittle  behavior  in 
tension.  Argyris,  Faust  and  Wiliam  (12)  later  include  an  additional 
sixth  parameter  (for  representing  an  elliptical  cap)  to  the  same 


five  parameter  failure  criterion  (134)  to  incorporate  the  hardening 
and  softening  phenomena  of  concrete  Into  their  plasticity  model. 

Bazant  and  Tsubakl  (21)  describe  a  total  strain  theory 
(analogous  to  the  deformation  theory  of  metal  plasticity)  using 
algebraic  relationships  between  the  total  strains  and  stresses 
rather  than  their  increments  to  model  the  short-time  nonlinear 
tri axial  behavior  of  plain  concrete  subjected  to  monotonic  loading. 
The  model  predicts  the  peak  stress  state  (failure)  with  subsequent 
strain  softening,  the  tri axial  failure  envelopes  and  the 
corresponding  strains  at  failure. 

Lade  (79)  describes  a  three-parameter  failure  criterion 
stemming  from  a  previously  developed  failure  criterion  (77)  for 
cohesionless  soils.  It  Is  expressed  in  terms  of  the  first  and  third 
stress  invariants  and  is  shown  to  satisfy  the  required 
characteristics  of  curved  meridians,  opening  angle  of  the  failure 
surface  and  tensile  strength. 

Two  of  the  aforementioned  failure  criteria  (134,79)  will  be 
discussed  in  detail  in  Chapter  5  and  will  be  compared  with  the 
experimental  failure  results  of  the  fiber  reinforced  concrete  tested 
for  this  report. 

1.3  Scope  of  Investigation 

This  investigation  is  to  obtain  information  regarding  the 
material  properties  of  one  type  of  steel  fiber  reinforced  concrete 
subjected  to  multi  axial  compressive  stresses,  the  purpose  being  to 
formulate  constitutive  relations  for  stress  analysis  of  structures 
constructed  of  this  material. 
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The  mix  design  for  the  experimental  tests  was  chosen  on  the 
basis  of  certain  governing  parameters  such  as  water-cement  ratio, 
aggregate  gradation,  slump,  etc.  necessary  for  obtaining  a  good 
concrete  mix  compatible  for  use  with  steel  fibers.  Full  details  of 
this  mix  design  are  presented  in  Chapter  2.  Since  the  purpose  of 
the  study  is  not  one  for  investigating  the  effects  of  varying  the 
parameters  in  the  mix  design  but  rather  for  investigating  the 
effects  of  steel  fiber  additions  to  a  concrete  mix,  the  design 
chosen  will  remain  constant  throughout  all  tests  conducted. 

The  only  variable  to  be  considered  is  the  fiber  size.  In  total, 
five  different  steel  fiber  sizes  have  been  provided  with  aspect 
ratios  ranging  from  45  to  100.  Chapter  2  contains  the  details  of 
these. 

Two  sets  of  tests  will  be  conducted.  The  first  is  a 
preliminary  set  of  tests  involving  the  use  of  all  five  fiber  sizes. 
These  include  some  basic  tests  on  cylinders  and  cubes  in  unconfined 
compression,  indirect  tension  tests  on  cylinders,  flexural  tests  on 
small  beams  and  some  multi  axial  compression  tests  on  4  in.  cubes. 

The  purpose  of  the  preliminary  tests  is  to  collect  data  and  help 
provide  a  basis  for  choosing  one  fiber  size  to  use  in  the  final 
series  of  triaxial  experiments  carried  out  in  the  4  in.  cubical 
testing  equipment.  In  all  the  experiments,  the  volume  ratio  of 
fibers  will  remain  constant  for  all  fiber  sizes  such  that  the 
effects  of  fibers  and  nothing  else  can  be  studied. 

Full  details  of  the  experimental  program  including  mix  design 
and  procedures,  cubical  test  apparatus,  testing  program,  testing 
procedures  and  data  reduction  are  given  in  Chapter  2. 
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Chapter  3  contains  the  results  of  the  preliminary  test  series 
employing  all  five  fiber  types  Including  stress-strain  relations  and 
conclusions  for  the  fiber  chosen  for  the  final  comprehensive  test 
series. 

Chapter  4  contains  the  stress-strain  and  strength  results  of 
the  4  In.  cubical  specimens  tested  multlaxlally  In  the  final  test 
series,  and  Chapter  5  discusses  the  different  behavior  and  strength 
criteria  used  for  determining  the  constitutive  relations  of  steel 
fiber  reinforced  concrete  under  multi  axial  states  of  stress. 


CHAPTER  2 


RESEARCH  PROGRAM 


2.1  Introduction 

The  main  purpose  of  the  experimental  work  was  to  determine  the 
behavior  and  strength  of  steel  fiber  reinforced  concrete  (SFRC) 
subjected  to  multiaxial  compressive  stresses,  in  order  that  the 
constitutive  relations  of  the  material  could  be  formulated. 

The  test  program  consisted  of  two  parts.  It  was  necessary  to 
find  a  good  workable  and  consistent  fiber  concrete  mix  to  be  used  in 
the  comprehensive  three-dimensional  compressive  tests  on  4  in. 
cubes.  Therefore  the  first  part  of  the  test  program  consisted  of  a 
preliminary  test  series  employing  five  different  fiber  types  in  a 
predetermined  plain  concrete  mix  acceptable  for  use  in  fiber 
reinforced  concrete.  Data  obtained  from  the  tests  conducted  on  the 
specimens  cast  from  these  five  different  fiber  concrete  mixes  were 
analyzed  to  determine  which  fiber  type  to  use  in  the  second  part  of 
the  test  program,  l.e.,  the  final  test  series  on  4  in.  cubes  tested 
in  multiaxial  compression  in  the  University  of  Colorado's  cubical 
testing  device. 

This  chapter  describes  the  different  stages  of  the  experimental 
program.  Section  2.2  gives  the  details  of  the  mix  design  used  in 
the  experimental  work  including  the  design  of  the  plain  concrete  mix 
and  the  steel  fibers  employed.  In  Section  2.3,  a  check  on  the 


39 


workability  of  this  design  based  on  previous  work  [Moens  (88)3  was 
made.  The  next  two  sections,  2.4  and  2.5,  describe  the  steps 
involved  in  casting  and  curing  the  control  and  cubical  fiber 
concrete  specimens  In  the  laboratory  and  preparing  these  specimens 
for  the  preliminary  and  final  series  of  tests  after  they  have 
cured.  Section  2.6  describes  the  multiaxial  test  apparatus,  data 
acquisition  and  data  reduction  systems  used  in  the  final  series  of 
cubical  tests.  Finally,  the  test  procedure  followed  in  conducting  a 
cubical  test  and  the  test  program  giving  the  details  of  the 
preliminary  and  final  test  series  are  presented  in  Section  2.7  and 
2.8  respectively. 

2.2  Mix  Design 

Six  mixes  of  concrete,  five  with  different  steel  fibers  and  one 
plain  (for  reference  and  control  purposes)  were  employed  in  the 
preliminary  test  series  whose  purpose  was  to  collect  data  for  the 
selection  of  a  suitable  fiber  concrete  mix  for  the  multiaxial 
testing  of  4  in.  cubical  specimens. 

The  plain  concrete  mix  generally  used  in  SFRC  is  a  high 
strength  design  with  certain  governing  parameters.  They  range  as 
follows: 

1)  low  water/cement  ratio  =  0.40-0.50 

2)  maximum  size  of  coarse  aggregate  =  3/8  in. 

3)  low  fineness  modulus  of  fine  aggregate  <_  2.70  (i.e. 
large  percentage  of  fines). 

4)  coarse  aggregate  to  fine  aggregate  ratio  =  1. 


5)  slump  of  plain  concrete  (before  addition  of  steel 
fibers)  =  3-4  in. 


From  the  above  governing  parameters  and  using  TABLE  13  of  the  PCA 
Handbook  (104)  on  the  "Design  and  Control  of  Concrete  Mixtures," 
plain  concrete  mix  design  was  chosen  as  follows: 
water/cement  ratio  =  0.50 
maximum  size  of  coarse  aggregate  =  3/8  in. 
water  =  385  lb /yd 3 
cement  =  770  lb/yd3 

fine  aggregate,  %  of  total  aggregate  =  53% 
fine  aggregate  (specific  gravity  =  2.65)  =  1400  lb/yd3 
coarse  aggregate  (specific  gravity  *  2.65)  =  1260  lb/yd3 
The  above  design  criteria  give  concrete  mix  porportions  of  Cl  : 
FA1.82  :  CA1.64  :  W0. 5.  The  fine  aggregate  and  coarse  aggregate 
gradations  are  as  follows: 


Fine  Aggregate  Gradation  (Nos. 

100-4  sieves): 

Particle  Size 

Sieve  No. 

(mm) 

%  Passing 

3/8 

9.53 

run- 

4 

4.76 

98 

8 

2.38 

95 

16 

1.19 

78 

30 

0.595 

54 

50 

0.297 

20 

100 

0.149 

5 

200 

0.075 

0 

Fineness  Modulus  = 

2.50 

Coarse  Aggregate  Gradation  (Size  No.  8): 
Sieve  No.  %  Passing 

— 172  — run- 

3/8  100 

4  20 

8  0 


The  fine  and  coarse  aggregate  gradations  fall  within  the  limits 


required  by  ASTM  C33  -  Section  4.1  and  TABLE  2  (7),  respectively,  as 
shown  In  Fig.  2.1.  Specific  gravity  and  absorption  tests  were 
conducted  on  the  fine  and  coarse  aggregate  according  to  ASTM  C128-73 
and  C127-73  specifications  (7).  The  results  are  as  follows: 


Fine  Aggregate 

Coarse  Aggregate 

Bulk  sp.  gr. 

2.59 

2.55 

Bulk  sp.  gr. 

(SSD  basis) 

2.60 

2.58 

Apparent  sp.  gr. 

2.62 

2.62 

%  absorption 

0.49% 

0.99% 

Additional  water  was  added  In  the  mixing  process  to  account  for  the 
absorption  of  water  by  the  aggregates. 

The  plain  concrete  mix  design  remained  constant  throughout  all 
test  series  so  that  fiber  and  not  concrete  effect  could  be 
examined.  As  previously  mentioned,  five  different  fiber  types  were 
employed  In  the  preliminary  test  series.  Four  were  obtained  from 
the  Bekaert  Steel  Wire  Corp.  and  one  from  the  United  States  Steel 
Corp.  Their  sizes  are  listed  In  TABLE  2.1  with  their  respective 
aspect  ratios  (length  to  diameter)  as  well  as  the  fiber  concrete  mix 
number  corresponding  to  the  appropriate  fiber  used  In  the 
preliminary  (P)  tests. 

The  Bekaert  "Dramlx"  fibers  are  straight,  round  fibers  with  a 
patented  hooked  end  used  to  increase  the  bond  between  the  fiber  and 
the  concrete.  The  tensile  strength  of  these  fibers  Is  approximately 
170-200  ksi.  They  are  collated  Into  clips  with  a  water  soluble  glue 
that  readily  dissolves  when  mixed  Into  the  wet  concrete.  The 
manufacturer  claims  that  the  glue  does  not  hinder  the  concrete 


Sieve  No. 

Aggregate  Gradation  Curves  Used  and  ASTM  Limits. 
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TABLE  2.1 

STEEL  FIBER  SIZES  WITH  CORRESPONDING  FIBER  CONCRETE  MIX  NUMBER 


Manufacturer 

Size 

Length  (mm)/D1a.  (mm) 

Aspect  Ratio 
U/d) 

Mix  No. 

ZP  50/. 50 

100 

PI 

Bekaert 

ZP  30/. 50 

60 

P2 

"Dramix" 

Steel  Fibers 

ZP  30/. 40 

75 

P3 

ZP  40/. 40 

100 

P4 

U.S.  Steel 
"Fibercon" 

25.4  x  0.56  x  0.25 
(1.00"  x  .022"  x  .010") 

45  or 

100 

P5 

strength  In  any  way.  The  nomenclature  before  the  fiber  size 
represents  the  type  of  glue  (if  any)  used  for  the  collation.  For 
example,  ZP  means  a  lightweight  glue  is  used,  beneficial  for 
laboratory  work  or  small  jobs.  ZC  implies  a  heavyweight  glue, 
mainly  for  industrial  usage  and  large  concrete  mixes.  ZL  means  no 
glue  is  used  at  all,  i.e.,  the  fibers  are  loose. 

The  USS  "Fibercon"  fibers  are  straight,  flat  fibers,  loosely 
packaged  in  a  random  order.  Their  tensile  strength  ranges  from 
50-100  ksi.  Figs.  2.2  and  2.3  show  the  relative  shapes  and  sizes  of 
the  five  fibers. 

The  volume  ratio  of  fibers  will  remain  constant  for  all  fiber 
sizes.  Based  on  field  work  that  has  been  done  using  80  lbs.  of 
fibers  per  cubic  yard  of  concrete  (i.e.,  a  volume  ratio  of  fibers 
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Fiber 


Length 


Cross 

Section 


Drami x 
ZP  50/. 50 

Drami x 
ZP  30/. 50 

Drami x 
ZP  30/. 40 

Drami x 
ZP  40/. 40 


50  mm 


f-  30  mm 


h-  30  mm 


40  mm 


0.50  mm  0 


0.50  mm  0 


0.40  mm  0 


0.40  mm  0 


Fibercon 

1.00"  x  0.022" 
x  0.010" 


1.00"  — 


0.022"  x  0.010" 
Rectangular 


Fig.  2.2.  Steel  Fiber  Dimensions. 
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to  0.6%),  it  has  been  found  that  with  this  volume  fraction  of 
fibers,  no  "balling"  or  clumping  of  the  fibers  occurs.  This  will  be 
discussed  In  detail  In  the  next  section. 

2.3  Check  on  Steel  Fiber  Reinforced  Concrete  Mix  Proportioning 

The  constituent  materials  in  SFRC  are  the  same  as  for 
conventional  concrete  with  the  addition,  of  course,  of  the  steel 
fibers  to  Improve  the  material  properties  in  comparison  to  those  of 
plain  concrete.  The  SFRC  must  be  designed  for  workability  since  the 
addition  of  steel  fibers  to  a  concrete  type  material  decreases  the 
workability  of  the  overall  mix.  Workability  is  a  function  of  the 
volume  percentage  of  fibers  used  in  the  mix.  Obviously,  too  great  a 
volume  of  fibers  would  result  In  the  SFRC  falling  short  of  the 
building  industries'  expectations. 

Mix  design  of  SFRC  for  workability  requires  an  understanding  of 
the  fiber  characteristics  and  content  as  related  to  the  aggregate 
grading  and  volume.  Moens  (88)  performed  tests  on  SFRC  with  this 
criteria  In  mind  and  gave  certain  guidelines  in  terms  of  design 
curves  and  charts  for  calculating  some  of  the  variables  in  SFRC  mix 
design  proportioning,  especially  the  critical  volume  percentage  of 
fibers  above  which  the  mix  becomes  unworkable. 

The  SFRC  mix  design  chosen  for  the  test  series  performed  at  the 
University  of  Colorado  (CU-SFRC),  as  described  in  this  report,  was 
not  designed  from  these  guidelines  developed  by  Moens  (88).  The 
following  is  simply  a  comparison  to  show  that  the  mix  design  and 
fiber  percentage  used  falls  within  Moens'  guidelines  for  mix 
proportioning  to  obtain  good  workability. 
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Experimental  investigations  by  Moens  (88)  were  made  with  mortar 
and  concrete  reinforced  with  steel  fibers  of  different  aspect  ratios 
to  judge  when  the  volume  percentage  of  fibers  becomes  critical, 
resulting  in  unworkability  of  the  mix.  The  workability  was  measured 
with  a  Vebe-consistometer.  A  Vebe-time  of  12  seconds  was  judged  an 
upper  limit  for  workability.  Fig.  2.4  shows  the  results  of  these 
experiments;  the  solid  line  is  for  concrete  with  mix  proportions  Cl: 
FA1.5  :  CA2.5  :  WO. 55:,  and  the  dashed  line  is  for  a  Cl  :  FA2  :  WO. 5 
mortar.  An  empirical  relationship 

Per  UM)4/3  =c  (2.1) 

was  found  to  give  a  good  agreement  between  theory  and  the  experi¬ 
mental  results  where 

pcr  *  critical  volume  percentage  of 
fibers  at  which  the  mix  becomes 
unworkable 

jt/d  ■  fiber  aspect  ratio 

c  «  constant  depending  on  the  aggregate 
grading  and  content. 

From  Moens'  experiments,  this  constant  c  was  found  to  be  4.65  for 
the  concrete  and  9.30  for  the  mortar.  For  either  of  these  mixes, 
one  can  easily  calculate  or  interpolate  from  the  graphs  the  critical 
fiber  percentage  (pcr).  However,  the  SFRC  mix  proportions  chosen 
for  the  University  of  Colorado  tests  was  Cl  :  FA1.82  :  CA1.64  : 

WO. 5.  One  can  see  that  it  has  a  finer  aggregate  mixture  gradation 
than  the  concrete  employed  by  Moens,  shown  in  Fig.  2.5,  and  a 
coarser  gradation  than  the  mortar.  Therefore,  the  empirical 
critical  fiber  percentage  curve  for  the  CU-SFRC  mix  would  lie 
between  the  two  curves  shown  in  Fig.  2.4.  One  could  then  postulate 


Workable  Mix  (Moens) 


(%  auniOA  jaqy.)  d 


Aspect  Ratio  (1/d) 

Fig.  2.4.  Critical  Steel  Fiber  Content  ^Moens  (88)  j . 


■  r  ' 


Fig.  2.5.  Aggregate  Mixture  Gradation  Curves  for 
CU-SFRC  and  Moens  (88). 
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that  the  two  curves  defined  by  Moens  and  shown  in  this  figure  would 
be  upper  and  lower  bounds  in  determining  a  critical  fiber  percentage 
with  respect  to  the  fiber  aspect  ratio,  and  the  constant  c  would  lie 
between  his  constants,  i.e.  4.65  £c  £  9.3C.  Also  plotted  in  this 
figure  is  the  fiber  volume  percentage  (p)  vs.  fiber  aspect  ratio 
employed  in  the  CU-SFRC  preliminary  tests,  with  p  remaining 
constant.  Note  that  all  these  points  lie  below  the  critical  curve 
defined  for  concrete,  implying  that  good  workability  should  be 
obtained  for  all  the  CU-SFRC  mixes  with  a  decrease  in  workability  as 
the  aspect  ratio  increased  towards  the  critical  curve.  This  indeed 
was  found  to  be  the  case  during  the  mixing  of  these  concretes.  It 
was  noted  that  the  workability  did  decrease  for  the  mixes  where  the 
aspect  ratio  equalled  100,  no  so  much  in  mixing  but  more  so  in 
placing  and  vibrating  the  mix  into  the  molds,  simply  because  these 
fibers  were  longer.  However,  they  did  not  become  "unworkable'',  but 
merely  less  workable  than  the  mixes  with  fibers  having  lower  aspect 
ratios. 

From  these  results  two  obvious  conclusions  can  be  drawn.  The 
concrete  workability  is  a  function  of  the  volume  percentage  of 
fibers,  and  the  addition  of  aggregates  to  a  cement-mortar  mix  also 
reduces  workability.  This  second  conclusion  can  be  deduced  from 
common  sense  because  the  addition  of  aggregates  causes  the  mortar 
volume  per  fiber  to  decrease  making  the  fibers  less  free  to  rotate 
in  the  wet  mix.  Swamy  (124)  performed  tests  using  a  10  mm  (0.40 
inch)  maximum  size  aggregate  concrete  with  a  steel  fiber  aspect 
ratio  of  100.  The  results  plotted  in  F:g.  2.6  show  a  linear 
relationship  between  the  critical  fiber  volume  percentage  (pc r) 


CU-SFRC  Mix 
a  "*  Percentages 


-I - 1 - H 

20  30  40 


Coarse  Aggregate  Content  (X  vol.  of  mix) 
Fig.  2.6.  Influence  of  Aggregate  Volume  f Swamy  (124 


52 

and  the  volume  of  coarse  aggregate.  This  critical  fiber  content  was 
governed  by  "balling-up"  of  the  fibers  during  mixing,  and  proved  to 
decrease  significantly  as  the  volume  of  coarse  aggregate  increased. 
The  volume  percentage  of  the  3/8  inch  maximum  size  coarse  aggregate 
employed  in  the  CU-SFRC  mix  was  28.6%  With  the  corresponding  fiber 
volume  percentage  of  0.6%.  This  point  is  also  plotted  in  Fig.  2.6 
showing  that  it  lies  well  below  the  critical  line  determined  by 
Swanjy  indicating  that  good  workability  should  be  obtained  for  this 
mix.  This  was  Indeed  the  case.  Note  that  Swamy's  critical  line  was 
determined  for  fibers  with  an  aspect  ratio  of  100.  If  similar  tests 
had  been  performed  on  SFRC  mixes  where  the  aspect  ratio  was  less 
than  100,  the  critical  lines  would  lie  above  Swamy's.  This  can  be 
deduced  from  Fig.  2.4  because  as  the  aspect  ratio  decreases,  the 
critical  fiber  volume  percentage  governing  workability  increases. 
Therefore,  the  critical  line  obtained  by  Swamy  shown  in  Fig.  2.6 
could  be  used  as  an  upper  limit  in  determining  the  coarse  aggregate 
volume  percentage  for  a  given  fiber  volume  percentage,  say 
determined  from  Fig.  2.4,  provided  the  fiber  aspect  ratio  was  less 
than  or  equal  to  100  and  the  maximum  size  coarse  aggregate  less  than 
or  equal  to  10  mm.  Or,  the  two  figures  could  be  used  hand-in-hand 
as  checks  in  aiding  the  design  of  the  SFRC  mix  with  respect  to  the 
fiber  volume  percentage,  aspect  ratio  and  coarse  aggregate  volume 
percentage. 

It  has  been  shown  that  for  a  given  workability  the  fiber 
concrete  and  mortar  employed  by  Moens  satisfies  the  relation 
(Fig.  2.4): 


i  m  m 
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pU/d)4/3<c.  (2.2) 

However,  SFRC  flexural  strength  (rupture  modulus)  has  been  shown 

(see  Fig.  1.1)  to  increase  linearly  with  respect  to  p(*/d).  This  is 

also  demonstrated  to  a  certain  extent  in  Fig.  3.26  for  rupture 

modulus  and  Fig.  3.25  for  tensile  strength  of  the  CU-SFRC. 

Therefore,  an  advantage  Is  offered  by  the  use  of  p(x/d)  instead  of 
4/3 

pU/d)  '  for  estimating  both  strength  and  workability  require¬ 
ments.  Moens  showed  that  within  a  range  of  aspect  ratio  of  75  to 
125,  Eq.  2.2  may  be  substituted  by 

p(A/d)  Cm  (2.3) 

where  C,,,  is  defined  as  the  fiber-aggregate  Interaction  factor  of 
the  concrete  mix,  calculated  from  the  knowledge  of  the 
aggregate-mixture  gradation  curve.  With  a  value  of  Cm,  the 
critical  volume  percentage  of  fibers  pcr  for  a  given  aspect  ratio 
U/d)  can  easily  be  calculated.  The  following  shows  the  procedure 
used  in  calculating  for  the  CU-SFRC  aggregate  gradation. 

Moens  showed  that  the  effect  of  each  aggregate  particle  on 
workability  may  be  linked  to  the  particle  size  d  by  a  fiber- 
aggregate  Interaction  coefficient  c<j.  Then  the  sum  of  the 
weighted  volumes  of  the  individual  particles  results  in  the  fiber- 
aggregate  interaction  factor  of  the  mixture: 

n 

cm  =  I  v^Cj 
1=1 


(2.4) 


where 


vj  =  volume  of  aggregate  1. 

Particles  finer  than  No.  100  are  assumed  to  not  Interfere  with  the 
fibers  In  the  mix,  therefore  particle  sizes  considered  are  limited 
to  those  retained  on  the  No.  100  sieve.  The  Interaction  coefficient 
C(j  Is  given  by  the  logarithmic  function  plotted  In  Fig.  2.7  as  a 
straight-dashed  line. 

Cd  «  1.72  -  ln(d2/3)  (2.5) 

However,  aggregate  grading  Is  measured  by  the  aggregate  fractions 
retained  on  a  series  of  standard  sieves.  Hence,  It  Is  more 
convenient  to  use  average  coefficients 

Cij  =  1.72  -  In  (d-j  * dj ) 1/3  (2.6) 

for  that  aggregate  portion  between  sizes  dj  and  dj,  as  shown  by 
the  stepped-solld  line  in  Fig.  2.7.  Note  that  this  figure  Is 
standard  for  any  aggregate  gradation  as  it  r  presents  the 
interaction  coefficients  of  aggregate  fractions  vs.  aggregate  sizes. 

With  the  average  coefficients  Cjj,  the  fiber-aggregate 
interaction  factor  of  the  mixture  Cm  can  now  be  more  easily 
calculated  as: 

cm  =  2  vij’Clj  (2.7) 

where: 

Vjj  =  volume  of  aggregate  retained  between  the  sieve 
sizes  d=dj  and  d=dj . 

Cjj  obtained  from  Fig  2.7. 

This  procedure  Is  shown  in  Fig.  2.8  where  Cm  for  the  CU-SFRC  is 


Fig.  2.8.  Calculating  the  Fiber-Aggregate  Interaction  Factor 
(  C  )  for  the  Mixture. 


calculated  as  1.26.  Then  from  Eq.  2.3  one  can  find  an  approximate 
critical  fiber  volume  percentage  for  a  given  aspect  ratio  i.e.: 


pU/d)  £  Cm  =  1.26  (2.8) 

As  previously  mentioned,  this  equation  is  valid  for  aspect  ratios 
between  75  and  125.  For  an  aspect  ratio  of  100  for  example. 


P 


cr 


Cm 

7I73T 


x  100 


_  1.26 
‘  W 


x  100 


=  1.26% 


The  1.26%  of  fibers  by  volume  is  equal  to  1.26  x  132  lb/yd3  concrete 
or  166  lb.  of  fibers  per  cubic  yard  of  concrete.  If  this  amount 
were  exceeded,  the  concrete  will  probably  not  be  workable  and 
balling  may  occur. 

According  to  this  criterion  then,  the  fiber  volume  percentage 
of  0.6%  (80  lb/yd3  of  concrete)  employed  in  the  CU-SFRC  mix  should 
give  a  concrete  with  good  workability  since  this  0.6%  lies  well 
below  the  critical  percentage  of  1.26%  for  a  fiber  aspect  ratio  of 
100,  the  largest  of  all  used  in  the  CU-SFRC.  As  previously 
discussed,  the  fiber  concrete  with  p  *  0.6%  proved  to  be  very 
workable  for  all  fiber  aspect  ratios. 


2.4  Casting  and  Curing  Procedures 

For  the  preliminary  test  series,  six  concrete  mixes  were  cast. 
The  first,  labeled  PO,  was  a  plain  concrete  mix  used  for  comparison 
purposes.  The  remaining  five  were  the  SFRC  mixes  labeled  PI,  P2, 
P3,  and  P4  for  the  4  Bekaert  "Dramix"  fibers  and  P5  for  the  USS 
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"Fibercon"  fibers.  These  are  listed  in  TABLE  2.1.  The  volume  of 
each  batch  was  3.0  cu.ft.,  which  is  the  optimal  capacity  of  the 
mixer  used.  In  all,  twenty  four  4-in.  cubes,  twenty  four  3x6  in. 
control  cylinders,  an  six  3x3x15  in.  beams  were  cast  for  each 
preliminary  test  batch.  See  Fig.  2.9.  After  the  final  fiber  size 
was  decided  upon  from  the  preliminary  test  results,  to  be  discussed 
In  Chapter  3,  two  identical  final  concrete  mixes  (FI  and  F2)  were 
cast  to  obtain  specimens  for  the  multi  axial  test  series.  In  each  of 
these  were  cast  twenty  four  4-1 n.  cubes  and  twenty  four  3x6  in. 
control  cylinders.  In  order  to  reproduce  identical  concrete  mixes 
for  all  tests,  a  precise  standard  mixing  and  curing  procedure  was 
established  with  the  steps  as  listed  below. 

1)  Prepare  all  the  molds  by  cleaning  and  assembling.  Grease 
them  lightly  to  aid  in  the  release  of  the  specimens  after  curing  24 
hours. 

2)  Weight  all  the  constituents  for  the  mix  (cement, 
aggregates,  water  and  fibers  if  used)  in  the  proportions  of 

Cl  :  FA1.82  :  CA1.64  :  WO. 5.  The  aggregate  gradations  are  given  in 
Section  2.2.  The  fiber  volume  percentage  of  0.6%  comes  to  80  lb.  of 
fibers  per  cu.  yd.  of  concrete.  The  water  should  be  placed  in 
surface-saturated  container  such  that  the  container  does  not  absorb 
any  of  the  measured  quantity  of  water. 

3)  "Butter"  the  mixer.  First  saturate  the  inside  of  the  mixer 
with  water.  Then  place  1  scoop  of  sand,  1/3  scoop  of  cement  and 
enough  water  to  produce  a  mortar.  Rotate  the  mixer  to  coat  the 
entire  inner  surface  with  the  mortar.  Discharge  the  excess.  The 
mortar  adhering  to  the  mixer  after  discharging  is  Intended  to 
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compensate  the  loss  of  mortar  from  the  test  batch.  See  ASTM 
C192-69  (7). 

4)  Place  all  the  aggregate  and  about  1/2  the  water  in  the 
buttered  mixer.  Mix  for  3  minutes,  rest  3  minutes,  then  mix  again 
for  2  minutes.  The  purpose  of  this  is  to  produce  a  uniformly  graded 
aggregate  and  also  to  allow  the  aggregate  to  absorb  what  water  It 
will  in  the  mixing  process. 

5)  Place  the  cement  and  the  remaining  water  into  the  mixer. 

Mix  5  minutes,  rest  3  minutes,  then  mix  again  for  3  minutes. 

6)  Measure  the  slump  according  to  the  ASTM  C143-74 
specification  (7).  The  desired  slump  of  this  wet  mix  before  the 
addition  of  fibers  should  be  about  4  In.  If  it  is  less  than  the 
desired  amount,  add  additional  water  (1/2%  of  the  total  aggregate 
weight)  to  account  for  the  water  absorbed  by  the  aggregate.  (This 
quantity  Is  a  good  starting  point  because,  as  discussed  in  Section 
2.2,  the  percent  absorption  of  the  fine  and  coarse  aggregates  was 
0.49%  and  0.99%  respectively.).  Mix  again  as  described  in  step  5, 
then  measure  the  slump.  Follow  this  procedure  until  the  desired 
slump  of  4  in.  Is  obtained.  Note  here  that  the  slump  of  all  the 
mixes  except  P5  (discussed  below),  before  the  addition  of  the  steel 
fibers  was  3. 5-4.0  in.  Therefore,  addition  of  the  extra  1/2%  of 
water  was  not  required.  If  care  is  taken  in  weighing  the 
constituents,  buttering  the  mixer  and  surface  saturating  all  equip¬ 
ment  contacting  the  mix  water,  no  additional  water  should  be 
required  in  the  mixing  process  to  produce  a  4  in.  slump,  as  was  the 


case. 
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7)  Add  steel  fibers.  For  the  plain  concrete  preliminary  mix 
(PO),  obviously  no  fibers  are  used  so  the  concrete  can  be  placed 
directly  Into  the  molds  and  vibrated.  For  the  Bekaert  "Dramix" 
fiber  preliminary  mixes  (P1-P4)  the  fibers  were  added  after  the 
desired  4  In.  slump  on  the  plain  concrete  was  achieved.  Mix  this 
combination  5  minutes,  rest  3  minutes,  then  mix  again  3  minutes. 
These  fiber  clips  were  simply  thrown  into  the  wet  concrete  mixture. 
Good  random  orientation  and  dispersion  of  these  fiber  types  was 
obtained.  It  was  noticed  that  the  water  soluble  glue  used  to 
collate  the  "Dramix"  fibers  dissolved  completely  after  about  2 
minutes  of  mixing  time.  The  slump  was  measured  again  for  these  4 
fiber  mixes  and  ranged  from  2. 5-3.0  in.  Regarding  the  USS 
"Fibercon"  fiber  preliminary  mix  (P5),  these  fibers  were  loose,  so 
in  order  to  insure  good  random  orientation,  they  were  sprinkled  in 
and  mixed  with  the  dry  aggregates  and  half  of  the  water  (step  4). 
Therefore,  no  plain  concrete  slump  (step  6)  could  be  recorded  for 
this  mix.  Since  this  was  the  last  of  the  six  preliminary  mixes,  and 
the  slump  of  the  previous  five  (four  before  fiber  additions)  was 
3.5-4  in.,  it  was  felt  that  this  final  mix  had  the  same  properties 
as  the  other  five  even  though  no  slump  prior  to  fiber  additions 
could  be  measured.  However,  a  slump  of  this  USS  "Fibercon''  fiber 
mix  was  measured  after  all  mixing  was  completed  and  recorded  as 
2.5  in. 

Measuring  the  slump  (ASTW  C143-74)  of  a  concrete  mix  is  one  way 
of  testing  the  workability  of  the  plastic  concrete.  This  test  is 
not  very  good  when  dealing  with  fibrous  concrete  simply  because  the 
fibers  appear  to  cut  down  on  the  workability  of  the  mix  drastically. 


Schrader  and  Munch  (114)  introduced  a  test  (also  described  by 
Brandshaug,  et  ,  (27)  for  inverted  slump  cone  time  as  a  new 
workability  test  for  fibrous  concrete.  Primarily  the  test  measures 
the  mobility  or  fluidity  of  the  mix  (not  apparent  In  the 
conventional  slump  test  (ASTM  C  143-74)),  with  the  result  being 
dependent  on  such  parameters  as  aggregate  size,  shape  and  gradation, 
air  content  and  admixtures,  and  surface  friction  of  the  fibers. 

They  found  that  by  using  this  test,  a  mix  with  a  conventionally 
measured  slump  of  1/2  in.  can  be  shown  to  have  a  fairly  good 
workability.  This  test  was  not  employed  in  the  CU-SFRC  research 
discussed  in  this  report. 

8)  Immediately  cast  the  specimens  into  the  molds  and  vibrate 
externally.  The  vibrator  used  in  this  research  was  an  air-powered 
Martin  Yibrolator*  eccentric  ball  type  vibrator,  model  CV35  M all, 
delivering  up  to  675  lbs.  force  at  10,000  vibrations  per  minute  at 
60  psi  (see  Fig.  2.10).  It  was  simply  held  next  to  and/or  clamped 
to  the  external  surfaces  of  each  mold.  Vibrations  took  place  for 
several  minutes  until  it  was  felt  good  consolidation  of  the  mix  into 
the  corners  was  achieved  and  until  a  cement-water  mixture  along  with 
much  of  the  entrapped  air  surfaced.  The  upper  surfaces  of  the 
specimens  were  not  floated  or  troweled  for  several  reasons.  It  was 
found  that  floating  or  troweling  was  difficult  due  to  the  presence 
of  the  fibers.  Floating  the  surface  also  causes  the  randomly 
oriented  fibers  in  the  upper  part  of  the  specimen  to  become  aligned 
In  a  horizontal  manner.  In  addition,  the  4  in.  cubical  molds  are 
only  4  In.  high  Since  such  strict  tolerances  on  the  specimen  sizes 
for  the  4  in.  cubical  testing  device  are  required,  the  specimens 


Fig.  2.10.  Martin  Vibrolator®  Eccentric  Ball  Type 
External  Vibrator. 
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were  left  with  about  a  1/2  inch  cap  that  could  be  cut  off  with  a 
di amond-bl aded  masonry  saw  after  they  were  stripped  and  cured  such 
that  the  4.00  x  4.00  x  4.00  inch  tolerances  could  be  maintained. 

Some  sort  of  vibration  of  a  fibrous  concrete  mix  is  required  to 
ensure  good  compaction,  because  the  addition  of  fibers  causes  the 
mix  to  become  very  stiff.  Placement  into  the  molds  is  made  much 
easier  with  an  external  vibrator.  Rodding  or  internal  vibration 
(ASTM  C192-69)  should  not  be  allowed  for  laboratory  specimens 
because  the  rod  or  stinger  will  displace  some  of  the  fibers  and 
destroy  the  random  orientation.  Tests  were  conducted  on  6  x  12  inch 
cylinders  to  determine  this.  After  they  were  cast,  vibration  was 
done  using  an  internal,  stinger-type  vibrator.  When  the  specimens 
cured,  1/2  inch  slices  from  the  center  of  the  specimen  were  made 
with  a  di amond-bl aded  masonry  saw,  then  X-rayed.  The  X-rays  proved 
that  the  internal  vibration  did  indeed  displace  the  fibers  and  an 
area  with  no  fibers  resulted  where  the  vibrator  was  inserted  and 
removed.  Fig.  2.11  shows  the  results  of  one  such  slice. 

9)  After  24  hours  of  dry  curing,  strip  the  specimens  from  the 
molds,  carefully  label  each  specimen  with  number  and  orientation, 
then  place  them  in  a  100%  humidity  room.  After  six  days  of  wet 
curing,  remove  the  specimens  from  the  humidity  room,  allowing  them 
to  continue  curing  in  air  at  room  temperature.  For  example:  if  the 
specimens  are  cast  on  Monday  morning,  strip  and  place  them  in  the 
fog  room  Tuesday  morning.  Remove  them  from  the  fog  room  the 
following  Monday  morning,  7  days  later.  Only  after  this  period  may 
the  specimens  be  prepared  for  their  respective  tests. 


X-Ray  View  of  a  Typical  1/2  Inch  Slice  of  a 
6  x  12  inch  Cylinder  Vibrated  Internally. 
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2.5  Sample  Preparation 

The  upper  surface  of  all  the  specimens  was  not  floated  or 
troweled  after  casting,  therefore  the  extra  height  (except  on  the 
beams)  was  first  cut  off  using  a  diamond-bladed  masonry  saw.  The 
3x6  in.  control  cylinders  were  tested  in  unconfined  compression 
(ASTM  C39-72)  and  indirect  tension  (ASTM  C496-71).  Therefore,  after 
the  excess  was  cut  off,  the  top  and  bottom  of  the  cylinders  were 
ground  to  ensure  that  these  surfaces  were  parallel  to  each  other  and 
perpendicular  to  the  vertical  axis.  No  additional  sample 
preparation  was  required  for  the  cylinders  tested  in  indirect 
tension.  The  cylinders  tested  in  unconfined  compression,  however, 
were  capped  with  sulfur  on  the  upper  surface  (ASTM  C617-73)  before 
being  tested.  The  beams  tested  in  flexure  (ASTM  C78-75)  required  no 
preparation  except  to  sand  off  the  excess  on  top  of  the  specimens 
to  be  flush  with  the  sides.  No  ASTM  specification  is  given  for 
preparing  or  testing  cubes  in  unconfined  compression.  Since  the 
cubical  molds  are  very  precise,  with  right  angles  in  all  corners, 
only  the  tops  required  grinding  to  obtain  the  4.00  in.  height  after 
the  excess  was  sawed  off.  Some  of  these  4  in.  cubes  were  then 
tested  in  unconfined  compression  (without  being  capped)  in  the  same 
manner  as  the  control  cylinders  (ASTM  C39-72). 

Preparation  of  the  4  in.  cubes  for  the  multi  axial  tests  was 
more  involved  than  the  sample  preparations  described  above.  First 
the  upper  surface  of  each  cube  was  cut  off  with  a  diamond-bladed 
masonry  saw  such  that  the  resulting  height  was  4.00  in.  The  saw 
used  had  a  fixed  spindle  on  which  the  circular  blade  rotated  at  a 
constant  velocity  and  an  automatically  fed  table  upon  which  the 
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specimen  was  mounted.  The  automatic  feed  was  set  slow  enough  so  any 


transverse  movement  or  vibration  of  the  saw  blade  in  the  cutting 
process  could  be  minimized. 

Even  though  the  mix  was  carefully  vibrated  when  placed  in  the 
forms,  there  were  still  some  air  voids  entrapped  in  the  specimens. 
The  voids  on  or  near  the  surface  would  likely  allow  penetration  of 
the  flexible  membranes  under  pressure  resulting  in  their  rupture 
before  all  substantial  test  data  had  been  recorded.  In  order  to 
eliminate  this  possibility,  part  of  all  six  faces  on  the  cubes  were 
sandblasted  to  expose  these  voids  near  the  surface.  Sandblasting 
each  face  entirely  would  have  damaged  the  right  angle  corners  of  the 
cubes.  Since  a  leather  pad  (described  in  the  next  section)  with  a 
distorted  circular  hole  lies  between  the  membrane  and  the  specimen 
(eliminating  a  rupture  near  the  corners),  the  sandblasted  portion 
was  an  area  centered  on  each  4  in.  face  with  a  diameter  of 
approximately  3.75  in.  Sandblasting  also  exposed  some  of  the  steel 
fibers  at  the  surface.  To  prevent  these  from  puncturing  the 
membrane  and  to  ease  the  patching  process,  the  exposed  fibers  were 
"clipped"  at  the  surface  of  the  concrete  with  a  small  pair  of 
diagonal  si  decutters.  The  sandblasted  areas  were  then  filled  with  a 
plastic  wood  filler  material  (Durham's  Rock  Hard  Water  Putty)  and 
smoothed  out  as  much  as  possible  with  a  1  in.  putty  knife  and  5  in. 
broad  knife.  After  drying  24  hours,  the  puttied  surfaces  were  belt 
sanded.  Any  holes  uncovered  were  reputtied  and  the  surfaces 
finished  with  fine  sand  paper.  Fig.  2.12  shows  a  typical  4  in.  cube 
finished  and  ready  to  be  tested.  One  can  observe  the  circular 
puttied  area  on  each  face  as  previously  described. 
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Fig.  2.12.  Typical  4  in.  Cubical  Specimen 
After  Test  Preparation. 


2.6  Multi  axial  Test  Apparatus1 

A  detailed  description  of  the  development  of  the  test  cell  is 
given  by  Sture  (120).  Some  slight  modifications,  however,  were  made 
to  accommodate  this  study  and  will  be  discussed  in  detail  here. 

The  apparatus  consists  of  a  rigid  cubical  space  frame  and  six 
walls  that  function  as  lids,  shown  in  an  exploded  view  in  Fig.  2.13. 
The  openings  In  the  frame  form  six  similar  cavities.  Each  of  these 
cavities,  together  with  the  adjoining  walls  and  a  proper  seal 
arrangement,  act  as  a  pressure  vessel. 


1  This  section  is  rewritten  in  part  from  Refs.  120,  8  and  57. 


The  4  in.  cubical  specimen  Is  placed  in  the  center  of  the  space 
frame's  cubical  cavity,  then  sealed  off  by  the  six  walls  which  are 
bolted  on  to  the  frame.  The  load  is  applied  via  a  hydraulic 
pressure  system  where  urethane  membranes  and  pressure  seals  located 
on  the  inner  face  of  each  wall  contain  the  hydraulic  fluid  pumped 
into  the  apparatus.  Each  set  of  opposing  walls  is  connected  to  an 
individual  pumping  system  which  regulates  the  stress  level  on  that 
axis.  Thus  the  stresses  on  each  of  the  three  axes  are  independently 
controlled  such  that  a  stress  state  with  aj,  *  *  a3  can  be 

achieved.  Proximity-type  transducers  (probes)  are  used  to  measure 
the  deformations  in  the  three  principal  directions.  All  test  data 
is  monitored  and  plotted  in  real  time  by  computer  so  the  specimen 
behavior  can  be  observed  while  the  test  is  in  progress. 

2.6.1  Frame 

The  frame  of  the  test  cell.  Fig.  2.14,  was  machined  from  a 
solid  10  in.  cubical  block  of  VASCOMAX  250  CVM  18.5%  nickel  ma raging 
steel.  The  steel  offers  exceptional  ductility,  strength  and 
hardness,  all  necessary  material  parameters  considering  the  high 
stresses  the  equipment  is  subjected  to.  After  machining  to  the 
dimensions  given  in  Fig.  2.15,  the  block  underwent  heat  treating  to 
obtain  the  mechanical  properties  quoted  by  the  manufacturer  as: 
ultimate  tensile  strength,  264  ksi;  yield  strength  at  0.2%  offset, 
255  ksi;  elongation  at  ultimate,  =  13%;  modulus  of  elasticity, 

26,500  ksi. 

Figs  2.13  and  2.14  show  the  coordinate  system,  following  the 
right  hand  rule  used  to  describe  the  box  frame.  The  test  cell 
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assembly  procedure  discussed  In  Section  2.7  would  be  easily 
understood  If  this  coordinate  system  is  followed.  In  Fig.  2.13,  the 
top  of  the  frame  Is  the  +Z  face;  the  left  hand  side  Is  the  +X  face 
and  the  front  side  therefore  becomes  the  +Y  face.  Notice  the  bolt 
hole  patterns  are  different  on  adjacent  faces  of  the  frame.  The  +Z 
and  -Z  faces  have  10  bolt  holes  arranged  In  a  circular  pattern. 

The  +X  and  -X  faces  have  12  bolt  holes  aranged  in  a  square  pattern, 
with  4  on  a  side.  The  +Y  and  -Y  faces  also  have  12  bolt  holes 
arranged  in  a  square  pattern,  but  with  3  on  a  side.  All  bolt  holes 
are  1.00  in  diameter,  NC  thread  and  opposing  faces  are  machined 
Identically. 

2.6.2  Walls 

The  walls  covering  the  six  faces  on  the  cubical  frame  are  built 
up  of  two  components.  The  main  frame  of  each  wall  was  machined  from 
4  in.  thick  ALCLAD  7075-T6  aluminum  plate  and  serve  as  the  lids  for 
the  six  pressure  vessels  and  as  a  base  for  the  displacement 
measuring  probes.  They  contain  the  pressure  seal  devices  and  the 
hydraulic  fluid  inlet  ports.  The  square  top  piece,  bolted  on  the 
main  wall,  acts  as  a  base  for  three  probe  attachments.  An  exploded 
view  of  a  typical  wall  is  shown  in  Fig.  2.16.  One  of  the  two  fluid 
ports  serves  as  an  Inlet  for  the  hydraulic  fluid,  the  other  as  an 
outlet  to  bleed  entrapped  air  from  the  pressure  chambers  or  as  a 
pressure  transducer  connection  port.  A  photograph  of  a  typical  wall 
is  shown  in  Fig.  2.17. 
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2.6.3  Seal s 

Details  of  the  sealing  system  are  shown  In  section  in  Fig. 

2.18.  Two  0-ring  grooves  form  the  pressure  seal  between  the  wall 
and  the  frame.  The  Inner  groove,  closest  to  the  sample,  holds 
the  outer  0-rlng  sleeve  of  the  vinyl  or  polyurethane  membrane.  The 
outer  groove  houses  an  0-ring  (Parker  2-358  durometer  70)  which  Is 
compressed  to  a  maximum  when  the  wall  Is  assembled  to  the  frame. 

The  sealing  capacity  of  this  arrangement  increases  with  cell 
pressure. 

A  polyurethane  pad  with  a  sleeve  and  a  leather  pad  rest  against 
the  sample  face,  and  transmit  the  fluid  pressure  from  the  membrane 
to  the  specimen.  They  are  flexible  enough  to  follow  minor 
differential  distortions  on  the  specimen  surface.  These  two  pads 
also  help  to  prevent  a  membrane  extrusion  from  occurring  when  a 
large  deviator  stress  is  present  between  two  adjacent  pressure 
vessels.  Fig  2.19  shows  the  membrane,  the  polyurethane  pad,  the 
leather  pad  and  the  brass  target  (whose  function  is  described  in 
Section  2.6.5.). 

The  leather  pads  were  made  in-house  from  about  1/4  inch  shoe 
leather  to  the  approximate  specifications  given  in  Fig.  2.20.  First 
the  pads  were  cut  and  sanded  to  the  4.06  in.  square  dimension.  They 
were  then  placed,  one  at  a  time,  in  a  positioning  fixture  mounted  in 
a  turning  lathe  and  the  3.62  in.  outside  diameter  hole  centered  in 
the  pad  with  a  45°  bevel,  was  cut  through.  The  pad  was  removed  from 
the  fixture  and  using  a  router  with  a  45°  beveling  bit,  the  three 
areas  with  a  1.55  in.  outside  radius  (which  make  the  circle  oblique) 
were  cut.  The  purpose  of  this  hole  shape  in  the  leather  pad  is  to 
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Fig.  2.18.  Detail  from  Assembled  Test  Cell 


Fig.  2.19.  Top  and  Bottom  Views  of  Polyurethane  Membrane 
and  Pad,  Leather  Pad  and  Brass  Target. 
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Fig.  2.20.  Leather  Pad  Dimensions 

(Dimensions  given  in  inches). 


\ 


77 


reduce  frictional  interference  between  the  proximity  probes' 
protective  cap  and  the  membrane  when  the  test  cell  is  assembled. 
Finally  the  45°  bevel  along  the  pad's  edges  was  sanded  to  minimize 
the  interference  at  the  Interfaces  between  leather  pads  of  adjacent 
pressure  vessels.  After  each  test,  these  pads  were  checked  and 
resanded  to  the  4.06  In.  square  dimension,  and  re-beveled,  if 
necessary. 

2.6.4  Pressure  System 

The  high  pressure  hydraulic  system  shown  diagrammatically  in 
Fig.  2.21  was  built  around  three  Pressure  Products  Industries  hand 
pumps;  two  Model  OH  100-30  and  one  OH  102-30,  all  with  a  0-30,000 
psi  operating  range.  By  suitable  valving,  the  three  pumps  could  be 
independently  operated  and  a  aj  *  a2  *  03  compressive  stress  state 
in  the  test  cell  could  be  achieved. 

The  pressures  are  monitored  by  Heise  Bourdon  tube  gauges.  Model 
CM-6"  and  12",  0-30,000  psi  range;  one  fitted  to  each  pump  and  three 
others  mounted  on  an  instrumentation  panel  as  shown  in  Fig.  2.22. 
Autoclave  Engineers,  Inc.  tubings  (type  304  SS,  1/4"  O.D.,  0.083" 

I.D.),  fittings  and  valves  are  used  to  transfer  the  hydraulic  fluid 
from  the  pumping  system  to  the  test  cell.  Initially,  heavy  duty 
automative  brake  fluid  was  used  as  the  pressurizing  medium  with 
membranes  made  of  PVC  (polyvinyl  chloride).  Since  then,  the  fluid 
medium  has  changed  to  100  centi stokes  nominal  viscosity  silicon  oil 
with  membranes  made  of  polyurethane.  Silicon  oil  was  found  to  be 
more  inert  and  had  no  deteriorating  effect  on  the  membrane  and 
0-ring  materials  as  the  brake  fluid  did,  therefore  the  change  was 
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made.  As  with  the  brake  fluid,  the  silicon  oil  Is  nonelectrolytlc 
and  thus  would  not  disturb  the  deformation  measurement  system  (see 


next  section). 

2.6.5  Deformation  Measurement  System 

Surface  displacements  of  the  specimen  are  measured  with  a 
Bentley-Nevada  proxlmltor  probe  system.  The  probes  (Fig.  2.23)  are 
type  308L-9229-01,  have  a  total  range  of  0.250  In.  and  are  made  of 
fiber  reinforced  epoxy. 

Sets  of  three  of  these  proximity-type  displacement  transducers 
are  mounted  on  each  wall  (Fig.  2.16).  Each  probe,  operating  on  an 
inductive  principle,  measures  the  relative  gap  width  between  a 
conductive  metal  target  on  the  surface  of  the  specimen  and  a  coll 
embedded  in  its  tip,  without  any  physical  contact  being  made.  The 
proxlmltor  driver,  providing  electrical  energy  to  the  probe.  Is 
designed  to  operate  the  probe  with  an  18  vdc  @  25  ma  power  supply. 

A  signal  proportional  to  the  permeability  of  the  magnetic  field  In 
front  of  the  coil  Is  sent  back  to  the  driver  unit,  which  then 
rectifies  It  into  a  DC  signal.  This  voltage  output  of  the  probe 
coll  can  be  interpreted  to  represent  the  gap  width  by  reference  to  a 
calibration  curve  previously  established  for  that  probe-driver 
system,  test  material  and  metal  target.  Each  proximitor  probe  is 
calibrated  within  a  0.050  In.  to  0.250  In.  range  using  a  calibration 
stand  filled  with  the  same  fluid  used  as  the  pressure  medium.  The 
target  and  probe  are  submerged  In  the  fluid  and  voltage  readings  for 
a  specified  gapwldth  (measured  by  a  dial  guage  to  the  nearest  0.0001 
In.)  are  recorded.  A  typical  proximitor  probe  calibration  curve  Is 
shown  In  Fig.  2.24. 
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Fig.  2.22.  Pumping  System  and  Instrumentation  Panel. 


Fig.  2.23.  Set  of  Three  Proximity-Type  Displacement 

Transducers  (Probes)  Mounted  on  Probe  Block. 
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2.24.  Typical  Proximitor  Probe 
Calibration  Curve. 
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Different  types  of  conducting  targets  can  be  used  on  the 
specimen  as  long  as  the  probes  are  calibrated  for  that  target.  In 
the  past,  aluminum  foil  has  been  used  for  obtaining  deformations  of 
materials  such  as  coal,  shale,  oil  shale,  sandstone,  mortar  and 
concrete.  For  this  research  however,  much  higher  stresses  had  to  be 
developed  In  the  cubical  testing  device  than  ever  before  to  fall 
the  SFRC  specimens  In  multi  axial  compression,  simply  because  these 
specimens  have  a  much  higher  strength  than  most  other  materials 
tested  in  the  device.  Since  the  concrete  cubes  have  some 
Irregularities  on  or  near  the  surfaces  that  may  be  missed  In  the 
patching  process  (Section  2.5)  causing  a  pinhole  failure  of  one  or 
more  of  the  flexible  membranes  before  failure  of  the  specimen 
occurs.  It  was  decided  that  a  thicker  target  material  than  aluminum 
foil  would  be  required.  Because  of  the  ease  of  accessibility  of 
brass  foil  In  varying  thicknesses,  the  decision  to  use  0.012  In. 
thick  brass  sheets  as  the  conducting  target  material  was  made.  To 
reduce  the  transverse  stiffness  of  these  sheets  so  they  would 
conform  to  the  shape  of  the  deformed  specimens  surfaces,  the  targets 
were  cut  In  a  pattern  shown  In  Fig.  2.25.  The  dotted  circular  areas 
shown  in  this  figure  are  the  regions  over  which  the  proximltor 
probes  act  and  therefore  no  slits  can  appear  there  or  erroneous 
deformation  readings  may  result. 

Proximltor  probe  sets  are  positioned  so  that  the  three  probes 
on  each  wall  are  a  mirror  Image  of  those  on  the  opposing  wall.  By 
comparing  the  outputs  of  these  probes,  system  deformations  are 
measured,  from  which  specimen  deformations  may  be  determined.  By 
this  method  all  rigid  body  translations  are  automatically 
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eliminated  from  the  calculations.  Each  probe  set  also  describes  the 
orientation  of  the  specimen  surface  It  monitors.  By  examining  the 
subsequent  changes  In  relative  Inclination  of  adjacent  sides,  shear 
strains  can  be  determined. 

2.6.6  Data  Acquisition  and  Data  Reduction  System 

The  data  acquisition  system  used  for  collecting  the  deformation 
produced  by  applying  loads  to  the  cubical  specimens  consists  of  the 
proxlmltor  probes  and  the  central  data  acquisition  system  which 
houses  the  proxlmltor  drivers.  All  data  reduction  Is  done  with  an 
HP  9830A  calculator. 

The  electrical  energy  required  to  excite  the  18  proxlmltor 
probes  located  on  the  aluminum  walls  of  the  cubical  cell  Is  provided 
by  the  18  proxlmltor  drivers  located  In  the  central  data  acquisition 
system  (Fig.  2.26).  This  was  described  In  the  previous  section. 

Then  the  multiplexer  in  the  central  data  acquisition  system  scans 
through  the  18  proxlmltor  channels  to  retrieve  the  return  voltage 
signal  from  the  proximitor  probes.  A  19th  channel  is  used  to  record 
the  voltage  from  a  standard  probe  (external  to  the  cubical  cell)  in 
order  to  monitor  electronic  drift  In  the  system.  These  voltages  are 
then  converted  from  analog  to  digital  signals  where  they  are  then 
transmitted  to  the  HP  9830A  calculator  via  a  BCD  Interface  packet. 

The  calculator,  having  an  8K  word  memory  capacity  with  extended 
memory  capabilities,  shown  In  Fig.  2.27,  uses  the  raw  digitized 
voltage  data  to  calculate  gapwldths  between  the  proxlmltor  probes 
and  the  cubical  specimen  through  appropriate  calibration  arrays 


2.27.  Hewlett-Packard  Computer  and  Plotter. 
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stored  In  the  calculator's  memory.  By  Incrementing  the  loads  In  a 
stepwise  manner,  a  series  of  gapwldths  are  recorded,  from  which  the 
strains  are  computed.  Note  here  that  the  box  frame  and  walls  are 
not  perfectly  rigid.  Therefore,  when  a  load  Is  applied  to  the 
specimen  In  the  device,  the  deformations  measured  are  for  the  total 
system  and  not  just  for  the  specimen.  So  appropriate  box 
displacements  for  that  given  stress  state  must  be  subtracted  from 
the  total  deformation  measured  In  order  to  obtain  specimen 
deformations  to  compute  specimen  strains.  Following  determination 
of  the  specimen  strains,  the  Information  is  transferred  to  an  HP 
9862A  plotter  unit,  (Fig.  2.27),  where  graphical  representations  are 
produced,  giving  a  real-time  display  of  the  stress-strain  properties 
of  the  material.  The  entire  process  of  collecting  and  reducing  the 
data  from  one  loading  increment  takes  approximately  30  seconds  once 
the  specified  loadings  in  the  system  are  achieved.  A  typical 
printout  of  the  real-time  data  for  one  load  step  Is  shown  In  Fig. 
2.28.  At  the  end  of  the  test,  the  stress-strain  data  is  stored  on 
cassette  tape  for  further  data  reduction  and  analysis  at  a  later 
time. 


2.7  Test  Procedure 

The  coordinate  system  used  In  describing  the  test  cell  below  is 
discussed  in  Section  2.6.1. 

The  box  frame  Is  mounted  on  a  thick  aluminum  plate,  about  3  in. 


above  it.  This  plate  Is  hinged  about  an  axis  parallel  to  the 
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-X/-Z  corner  of  the  box  frame,  to  an  angle  iron  support  bracket 
bolted  to  the  floor. 

As  previously  discussed,  the  test  cell  is  not  perfectly  rigid 
and  deformations  do  take  place  in  the  frame,  walls,  bolts,  etc., 
when  the  specimen  is  stressed.  Therefore,  since  the  cell  must  be 
calibrated  for  these  deformations,  and  in  order  to  minimize  the 
error  that  may  occur  in  these  deformations  from  test  to  test,  a 
systematic  manner  of  assembling  the  cell  was  established  and 
strictly  followed  throughout  all  tests.  This  standard  procedure 
also  helped  speed  the  assembly  of  the  system.  The  wall  mounting  and 
bolt  tightening  sequences  are  first  mentioned  for  the  sake  of  being 
repetitious  later. 

The  walls  were  mounted  to  the  box  frame  and  bolted  down  in  the 
following  sequence:  -Z,  +Z;  -Y,  +Y;  -X,  +X.  The  brass  targets, 
leather  pads  and  polyurethane  pads  were  inserted  first  and  the 
corresponding  aluminum  walls  with  membranes  attached  were  mounted. 
Fig.  2.13  demonstrates  this.  Since  the  targets  and  leather  pads  are 
antisymmetric,  care  had  to  be  taken  to  ensure  that  they  were 
inserted  in  the  manner  designated  by  the  position  of  the  proximitor 
probes.  After  opposing  walls  were  placed,  the  four  corner  bolts  for 
these  walls  were  inserted  and  alternately  tightened  from  wall  to 
wall  in  a  systematic  manner  such  that  the  specimen  remained  centered 
in  the  frame.  Once  these  four  bolts  were  snugged  and  the  walls 
tightly  in  place,  the  bolts  were  torqued  to  300  ft-lbs  using  an 
indicating  torque  wrench.  Then  the  remaining  bolts  were  inserted 
and  torqued  to  300  ft-lbs  in  a  clockwise  manner,  starting  at  the 
top.  Fig.  2.29  shows  the  bolt  tightening  sequence  followed. 


Fig.  2.29.  Bolt  Tightening  Sequence  for  the  Box  Faces 
and  Respective  Walls. 
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The  first  step  In  the  assembly  procedure  was  to  tip  the  box 
frame  90°  such  that  the  vertical  Z-axIs  of  the  frame  laid 
horizontally.  A  rectangular  piece  of  sheet  metal,  0.030-0.035  In. 
thick  was  then  placed  through  the  square  opening  of  the  frame,  or 
the  -X  side.  The  4  In.  cubical  specimen  was  then  carefuly  placed 
Into  the  mldcavlty  on  top  of  the  thin  plate.  This  centered  the 
specimen  In  the  now  vertical  X-dlrectlon.  The  targets  and  both  pads 
were  then  Inserted  In  the  Z-dl recti  on  and  the  correspond* «•;  walls 
with  membranes  mounted  bolted  down  as  described  above. 

The  box  frame  with  the  +Z  and  -Z  walls  attached  and  specimen  In 
place  was  then  tipped  back  to  Its  standard  position.  Then  after 
removing  the  thin  positioning  plate,  the  Y-dl recti  on  targets,  pads, 
membranes  and  walls  were  positioned  and  affixed,  followed  by  the 
components  In  the  X-dl recti  on  according  to  the  sequences  described 
above. 

With  the  test  cell  assembled,  the  hydraulic  tubing  was  hooked 
up  and  the  pressure  cells  filled  with  hydraulic  fluid.  The 
entrapped  air  in  the  cells  was  then  bled  out  of  the  system  through 
the  bleed  holes.  The  coaxial  cables  from  the  central  data 
acquisition  system  were  then  connected  to  their  respective 
proxlmitor  probe  cables.  An  Initial  manual  scan  trough  the  18 
proxlmltor  channels  indicated  whether  or  not  the  test  could  be 
started.  If  necessary,  as  Indicated  by  distorted  proxlmltor  voltage 
readings,  the  specimen  dislocation  could  be  remedied  by  carefully 
applying  pressure  to  one  or  more  sides,  translating  the  specimen  any 
amount  necessary.  The  data  acquisition  and  analysis  computer 
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program,  written  In  BASIC,  was  then  loaded  Into  the  HP  9830A 
calculator's  memory,  and  the  test  conducted.  The  assembled  test 
cell  Is  shown  In  Fig.  2.30. 

2.8  Test  Program 

The  test  program  consisted  of  two  parts: 

1.  The  preliminary  test  series  Involving  the  use  of  all  five 
fiber  sizes,  described  In  TABLE  2.1,  In  five  different  fiber 
concrete  mixes  labeled  PI  through  P5  where  only  the  fiber  size,  not 
the  concrete,  changed  from  mix  to  mix  and  a  sixth  mix  labeled  P0, 
consisting  only  of  plain  concrete  and  used  for  control  and 
reference. 

The  purpose  of  the  preliminary  tests  was  to  collect  data  and 
help  provide  a  basis  for  choosing  one  fiber  size  to  use  In  the  final 
test  series,  described  In  part  2  below,  of  trlaxlal  experiments 
carried  out  In  the  4  In.  cubical  testing  equipment. 

The  preliminary  series  Included  tests  on  3x6  in.  cylinders  and 
4  in.  cubes  In  unconfined  compression,  indirect  tension  tests  on  3x6 
in.  cylinders,  flexural  tests  on  3x3x15  In.  beams  and  some 
multi  axial  compression  tests  on  4  in.  cubes.  Strength  data 
collected  in  this  series  Included  unconfined  compressive  strengths 
for  the  cylinders  ( f ^ )  and  cubes  (fc),  splitting  tensile  strength 
(T)  for  the  cylinders  and  flexural  strength  (modulus  of  rupture,  R) 
for  the  beams.  Also  collected  was  stress-strain  data  for  the 
cylinders  tested  In  unconfined  compression. 

As  mentioned,  some  tests  on  4  in.  cubes  employing  the  cubical 
testing  equipment  were  carried  out  In  the  preliminary  series.  Their 
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purpose  was  to  obtain  stress-strain  Information  for  specimens  under 
multi  axial  compression  and  to  help  debug  the  testing  equipment  In 
any  way  that  arose  since  no  material  with  strengths  as  high  as  the 
SFRC  had  ever  been  tested  In  the  device.  Since  this  was  only  the 
preliminary  series  including  so  many  different  mixes,  only  monotonic 
loading  along  one  stress  path  (tri axial  compression  -  TC)  on  one 
octahedral  plane  (<jo=6000  psl)  was  followed  for  these  tri axial 
tests.  (See  Figs.  2.31  and  2.32.) 

The  details  of  the  preliminary  test  series  are  shown  in  TABLES 
2.2  -  2.6  where  the  specimen  type  and  test  condition  are  given  along 
with  the  specimen  numbers,  the  age  at  which  they  were  tested  and  the 
strength  results  (where  applicable).  All  tests  were  conducted  in 
triplicate  with  the  exception  of  the  4  in.  cubes  tested  in 
unconfined  compression  where  the  tests  were  only  duplicated  and  the 
4  in.  cubes  tested  in  multi  axial  compression  where  only  one  of  each 
test  could  be  performed  due  to  the  time  constraint  imposed  for 
testing  these  specimens  at  specified  ages.  Notice  that  the 
unconfined  compression  tests  for  the  cylinders  and  cubes  were 
conducted  at  varying  specimen  ages  of  7,  14,  21  and  28  days  for  both 
plus  around  50  days  for  the  cylinders.  This  was  done  to  observe  the 
effect  of  specimen  age  on  strength  after  the  curing  period  of  7  days 
in  the  humidity  room  and  the  remaining  time  in  air  in  order  to 
determine  if  after  50  days  of  curing,  full  strength  was  achieved 
such  that  the  cubical  tests  described  in  part  2  could  be  conducted 
without  the  variability  of  increasing  strength  with  age  coming  into 
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All  stress-strain  and  strength  results  obtained  In  the 
preliminary  tests  described  above  are  shown  and  discussed  in 
Chapter  3.  The  comparison  of  data  from  the  above  tests  using  the 
five  types  of  steel  fibers  will  be  examined  to  determine  the  effects 
of  various  fiber  lengths  and  aspect  ratios  to  help  provide  a  basis 
for  choosing  one  fiber  for  the  final  design  of  the  SFRC  to  use  in 
the  comprehensive  three-dimensional  test  series. 

2.  The  final  test  series  involving  the  use  of  only  one  SFRC 
mix  with  one  fiber,  chosen  from  the  results  obtained  in  the 
preliminary  series.  Two  identical  batches,  labeled  FI  and  F2,  were 
cast  at  different  dates  in  order  to  obtain  enough  specimens  for  this 
test  series.  The  Bekaert  "Dramix"  ZP  30/. 40  fiber  was  chosen  for 
this  mix  based  on  the  preliminary  test  results.  The  reasons  are 
discussed  in  Chapter  3. 

In  the  final  test  series,  unconfined  compression  tests  on  3x6 
In.  control  cylinders  were  conducted.  Stress-strain  and  strength 
information  for  these  control  cylinders  was  obtained  in  triplicate 
at  specimen  ages  near  7,  14,  21,  28  and  50  days.  As  in  the 
preliminary  tests,  this  was  done  to  observe  the  effect  of  age  on 
stress-strain  behavior  and  strength  after  various  times  in  the 
curing  period  and  also  to  see  if  the  final  mixes,  FI  and  F2,  behaved 
the  same  with  respect  to  each  other  and  to  the  preliminary  mix  P3  as 
they  should.  TABLE  2.7  gives  the  details  of  this  part  of  the  final 
test  series  with  the  stress-strain  and  strength  results  for  the 
control  cylinders  shown  in  Chapter  4. 

The  main  purpose  of  the  final  test  series  was  to  collect 
stress-strain  and  strength  information  of  4  in.  cubical  specimens 
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tested  In  the  cubical  device  under  trl axial  loading  conditions  In 
order  to  determine  the  constitutive  relations  of  the  material  for 
trl axial  compressive  stress  states.  These  trl axial  tests  were 
conducted  by  loading  the  specimen  hydrostatically  to  an  octahedral 
normal  stress  equal  to  one  of  three  selected  levels  (o0  =  4,  6  or 
8  ksi),  and  then  subsequently  following  a  monotonic  shear  stress 
path  to  stay  on  the  octahedral  plane  along  either  the  trl axial 
compression  (TC),  simple  shear  (SS)  or  trl axial  extension  (TE) 
direction  as  shown  in  Figs.  2.31  and  2.32  thus  inducing  a  change  In 
only  the  octahedral  shear  stress  U0)  along  these  paths.  At  least 
three  replications  were  obtained  for  each  stress  path.  This 
superposition  of  a  pure  shear  stress  on  an  initial  hydrostatic  state 
permits  the  Investigation  of  the  effect  of  a  three-dimensional  shear 
stress  state  on  the  stress-strain  relations  of  the  material.  The 
data  acquired  during  these  tests  consist  of  the  stress-strain 
response  in  each  loading  direction  as  well  as  the  failure  data.  By 
assuming  isotropy  of  the  material,  the  shape  of  the  failure  envelope 
for  the  three  octahedral  planes  is  determined  from  the  failure  data 
by  loading  along  these  monotonic  stress  paths.  This  data  enables 
the  testing  of  various  hypotheses  regarding  concrete  failure.  The 
stress-strain  information  provides  the  basis  for  ascertaining  the 
suitability  of  octahedral  stress-strain  theory  and/or  plasticity 
concepts  in  formulating  the  constitutive  relations  for  SFRC. 

TABLE  2.8  gives  the  details  of  the  three-dimensional 
compressive  tests  and  the  stress-strain  and  strnegth  results  of 
these  tests  are  presented  in  Chapter  4. 


TABLE  2.2 

PRELIMINARY  TEST  PROGRAM 
SPECIMEN  TYPE:  3  x  6  in.  CYLINDERS 
TEST  CONDITION:  UNCONFINED  COMPRESSION  ASTM  C39-72 


Designation 


Casting 

Date 


Testing 

Date 


plain 


Age  at 
Testing 


Drami x 
50/. 50 


Drami x 


30/. 50 


Specimen 

mo/day/yr 

mo/day/yr 

(days) 

(psi) 

El 

9/3/79 

7 

4515 

HI 

II 

7 

3874 

J1 

II 

7 

4835 

G1 

9/10/79 

14 

6837 

J3 

II 

14 

7184 

K3 

II 

14 

6553 

13 

9/17/79 

21 

6968 

L3 

8/27/79 

li 

21 

6696 

K2 

II 

21 

7135 

F2 

9/24/79 

28 

7282 

12 

II 

28 

7587 

K1 

II 

28 

7304 

L2 

10/16/79 

50 

7886 

E3 

II 

50 

7325 

G2 

«' 

50 

7910 

11 

9/4/79 

7 

5491 

K1 

II 

7 

5297 

FI 

II 

7 

5282 

E2 

9/11/79 

14 

7041 

F3 

II 

14 

6423 

H2 

II 

14 

6942 

LI 

9/18/79 

21 

7989 

J1 

8/28/79 

II 

21 

7961 

G2 

1 

It 

21 

7597 

K3 

9/25/79 

28 

7105 

El 

It 

28 

7306 

G3 

II 

28 

8062 

H3 

10/17/79 

50 

7786 

K2 

II 

50 

7793 

12 

II 

50 

8145 

G1 

9/5/79 

7 

5774 

11 

II 

7 

6206 

LI 

It 

7 

6278 

K2 

9/12/79 

14 

7902 

L2 

8/29/79 

II 

14 

7903 

H2 

II 

14 

7607 

E3 

9/19/79 

21 

7957 

J2 

II 

21 

7686 

G3 

II 

21 

7587 

HI 

9/26/79 

28 

8192 

TABLE  2.2  (Continued) 
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Designation 

Casting 

Date 

mo/day/yr 

Testing 

Date 

mo/day/yr 

Age  at 

Testing 

(days) 

fc 

(psi) 

Series 

Specimen 

H2 

9/22/79 

21 

8142 

G2 

II 

21 

8090 

11 

II 

21 

7728 

P5 

13 

9/29/79 

28 

9487 

L3 

9/1/79 

II 

28 

9927 

Fiber- 

K1 

II 

28 

10,109 

con 

F3 

10/21/79 

50 

9766 

E2 

II 

50 

9527 

J1 

II 

50 

8583 

TABLE  2.3 


PRELIMINARY  TEST  PROGRAM 
SPECIMEN  TYPE:  4  in.  CUBES 
TEST  CONDITION:  UNCONFINED  COMPRESSION 


Designation 

Casting 

Date 

mo/day/yr 

Testing 

Date 

mo/day/yr 

Age  at 

Testing 

(days) 

f 

c 

(psi) 

Series 

Specimen 

D1 

9/3/79 

7 

5856 

B1 

II 

7 

5469 

PO 

A1 

9/10/79 

14 

6231 

B2 

8/27/79 

II 

14 

7078 

plain 

B3 

9/17/79 

21 

6938 

A2 

II 

21 

7234 

B6 

9/24/79 

28 

7555 

B4 

9/4/79 

7 

6488 

PI 

D1 

II 

7 

6675 

B1 

9/11/79 

14 

7244 

Drami x 

D3 

8/28/79 

II 

14 

8031 

B6 

9/18/79 

21 

7294 

50/. 50 

A6 

II 

21 

8200 

C4 

9/25/79 

28 

7988 

B3 

II 

28 

8309 

C2 

9/5/79 

7 

4656 

P2 

A6 

II 

7 

4894 

C5 

9/12/79 

14 

7563 

Drami x 

B4 

8/29/79 

II 

14 

7828 

B2 

9/19/79 

21 

7834 

30/. 50 

A5 

II 

21 

7968 

A2 

9/26/79 

28 

6956 

B6 

II 

28 

7063 

Cl 

9/6/79 

7 

6538 

P3 

D1 

ll 

7 

6188 

A1 

9/13/79 

14 

7613 

Drami x 

B1 

8/30/79 

II 

14 

7656 

A3 

9/20/79 

21 

6469 

30/. 40 

B2 

It 

21 

7894 

B4 

9/27/79 

28 

7722 

A5 

II 

28 

8969 

D1 

9/7/79 

7 

6513 

P4 

A1 

II 

7 

6344 

A2 

9/14/79 

14 

7766 

Drami x 

B1 

8/31/79 

It 

14 

8669 

A6 

9/21/79 

21 

8422 

40/. 40 

B5 

II 

21 

8363 

B3 

9/28/79 

28 

6722 

A4 

II 

28 

5844 
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TABLE  2.3  (Continued) 


Designation 

Casting 

Date 

mo/day/yr 

Testing 

Date 

mo/day/yr 

Age  at 

Testing 

(days) 

f 

c 

(psi) 

Series 

Specimen 

Cl 

9/8/79 

7 

7144 

A1 

n 

7 

7194 

P5 

B4 

9/15/79 

14 

8194 

A6 

9/1/79 

II 

14 

9156 

Fiber- 

B1 

9/22/79 

21 

9234 

con 

A5 

II 

21 

9466 

A4 

9/29/79 

28 

6000 

B2 

it 

28 

865C 

I 


TABLE  2.4 

PRELIMINARY  TEST  PROGRAM 
SPECIMEN  TYPE:  3  x  6  in.  CYLINDERS 
TEST  CONDITION:  INDIRECT  TENSION  ASTM  C496-71 


Designation 

Casting 

Testing 

Age  at 

T 

Date 

Date 

Testing 

Series 

Specimen 

mo/day/yr 

mo/day/yr 

(days) 

(psi) 

PO 

plain 

J2 

665 

E2 

LI 

8/27/79 

9/24/79 

28 

661 

644 

PI 

HI 

1045 

Dramix 

L3 

8/28/79 

9/25/79 

28 

1060 

50/. 50 

13 

1372 

P2 

E2 

1075 

Drami x 

L3 

8/29/79 

9/26/79 

28 

958 

30/. 50 

13 

1024 

P3 

F2 

1001 

Dramix 

J2 

8/30/79 

9/27/79 

28 

942 

30/. 40 

E3 

916 

P4 

K2 

1071 

Drami x 

13 

8/31/79 

9/28/79 

28 

1045 

40/. 40 

H3 

1100 

P5 

H3 

765 

Fiber- 

F2 

9/1/79 

9/29/79 

28 

666 

con 

J2 

801 

105 


TABLE  2.5 

PRELIMINARY  TEST  PROGRAM 
SPECIMEN  TYPE:  3  x  3  x  15  in.  BEAMS 
TEST  CONDITION:  FLEXURE  (THIRD-POINT  LOADING)  ASTM  C78-75 


Designation 

Casting 

Testing 

Age  at 

R 

Date 

Date 

Testing 

Series 

Specimen 

mo/day/yr 

mo/day/yr 

(days) 

(psi) 

PO 

plain 

P 

610 

R 

0 

8/27/79 

9/27/79 

31 

749 

578 

PI 

R 

702 

Drami x 

P 

8/28/79 

9/27/79 

30 

878 

50/. 50 

M 

846 

P2 

N 

709 

Drami x 

R 

8/29/79 

9/27/79 

29 

668 

30/. 50 

0 

641 

P3 

M 

857 

Drami x 

0 

8/30/79 

9/27/79 

28 

853 

30/. 40 

- 

- 

P4 

0 

877 

Drami x 

M 

8/31/79 

9/28/79 

28 

1453 

40/. 40 

R 

1197 

P5 

R 

819 

Fiber- 

Q 

9/1/79 

9/29/79 

28 

942 

con 

0 

788 

106 


TABLE  2.6 

PRELIMINARY  TEST  PROGRAM 
SPECIMEN  TYPE:  4  in.  CUBES 
TEST  CONDITION:  MULT I AXIAL  COMPRESSION 


Designation 

Casting 

Testing 

Age  at 

Stress 

Hydrostatic 

Date 

Date 

Testing 

Path 

Stress  Level 

Series 

Specimen 

mo/day/yr 

mo/day/yr 

(days) 

Fig.  2.31 

°0  (psi) 

PI 

C5 

9/11/79 

14 

Drami x 

C6 

8/28/79 

9/18/79 

21 

TC 

6000 

50/. 50 

D4 

9/25/79 

28 

P2 

Cl 

9/12/79 

14 

Drami x 

D6 

8/29/79 

9/19/79 

21 

TC 

6000 

30/. 50 

D3 

9/26/79 

28 

P3 

D4 

9/13/79 

14 

Drami x 

— 

8/30/79 

— 

-- 

TC 

6000 

30/. 40 

C2 

9/27/79 

28 

P4 

_ 

•  _ 

•  _ 

Drami x 

D5 

8/31/79 

9/21/79 

21 

TC 

6000 

40/. 40 

D4 

9/29/79 

29 

P5 

D1 

9/17/79 

16 

Fiber- 

— 

9/1/79 

-- 

— 

TC 

6000 

con 

C2 

9/30/79 

29 

TABLE  2.7 

FINAL  TEST  PROGRAM 
SPECIMEN  TYPE:  3x6  in.  CYLINDERS 
TEST  CONDITION:  UNCONFINED  COMPRESSION  ASTM  C39-72 


Designation 


Series 


Drami x 


30/. 40 


Drami x 


30/. 40 


Casting 

Testing 

Age  at 

Date 

Date 

Testing 

mo/day/yr 

mo/day/yr 

(days) 

10/22/79 

7 

II 

7 

II 

7 

10/29/79 

14 

II 

14 

II 

14 

11/5/79 

21 

10/15/79 

II 

21 

II 

21 

11/12/79 

28 

II 

28 

II 

28 

12/6/79 

52 

II 

52 

II 

52 

12/7/79 

7 

II 

7 

If 

7 

12/16/79 

16 

II 

16 

II 

16 

12/22/79 

22 

11/30/79 

II 

22 

II 

22 

12/28/79 

28 

If 

28 

II 

28 

1/21/80 

52 

II 

52 

II 

52 

(psi) 


7302 

6973 

7109 

8837 

8487 

8752 

9098 

9071 

9454 

10,222 

9846 

9440 

9968 

9145 

8803 


TABLE  2.8 


FINAL  TEST  PROGRAM 
SPECIMEN  TYPE:  4  in.  CUBES 
TEST  CONDITION:  MULTIAXIAL  COMPRESSION 


Designation 

Casting 

Testing 

— 1 

Age  at 

Hydrostatic 

Date 

Date 

Testing 

Stress  Level 

Series 

Specimen 

mo/day/yr 

mo/day/yr 

(days) 

°0  (psi) 

D6 

1/17/80 

94 

TC 

8000 

D3 

1/17/80 

94 

TC 

8000 

D5 

1/31/80 

108 

TC 

8000 

A1 

2/1/80 

109 

TC 

4000 

B1 

2/7/80 

115 

TE 

4000 

A6 

2/28/80 

136 

SS 

4000 

C5 

3/5/80 

142 

TE 

6000 

C2 

3/6/80 

143 

SS 

6000 

FI 

D2 

10/15/79 

3/11/80 

148 

TC 

6000 

C4 

3/13/80 

150 

TE 

8000 

Cl 

3/17/80 

154 

SS 

8000 

D1 

3/21/80 

158 

SS 

8000 

B4 

3/24/80 

161 

TC 

6000 

A5 

4/4/80 

172 

SS 

6000 

C3 

4/8/80 

176 

SS 

8000 

A2 

4/9/80 

177 

TE 

8000 

B3 

4/10/80 

178 

TC 

6000 

B2 

4/14/80 

182 

SS 

8000 

B5 

158 

TE 

8000 

C5 

159 

TE 

6000 

D3 

5/9/80 

161 

SS 

6000 

D4 

5/21/80 

173 

TE 

6000 

F2 

B6 

11/30/79 

5/23/80 

175 

TC 

4000 

B3 

5/27/80 

179 

SS 

4000 

Cl 

6/3/80 

186 

TE 

4000 

C3 

6/4/80 

187 

SS 

4000 

B2 

6/6/80 

189 

TC 

4000 

C2 

6/9/80 

192 

TE 

4000 

t 


CHAPTER  3 

PRELIMINARY  TEST  SERIES 


3.1  Introduction 

In  this  chapter,  the  results  of  the  preliminary  test  series, 
described  In  Section  2.8,  on  one  plain  and  five  different  SFRC  mixes 
are  presented.  Data  obtained  from  these  tests  is  examined  to  help 
provide  a  basis  for  choosing  one  fiber  size  to  be  used  in  the  final 
test  series  of  multi  axial  compression  tests.  In  Section  3.2,  the 
stress-strain  behavior  obtained  for  tests  in  the  unconfined 
compression  and  multi  axial  compression  modes  is  discussed.  In 
Section  3.3,  strength  results  are  presented  for  specimens  tested  In 
unconfined  compression.  Indirect  tension  and  pure  bending,  and 
relationships  between  these  strength  values  and  various  fiber 
properties  are  discussed.  Finally,  in  Section  3.4,  based  on  all  the 
preliminary  tests  conducted,  conclusions  are  made  for  which  fiber  to 
use  in  the  final  series  of  multi  axial  compression  tests.  In  this 
and  subsequent  discussions,  compressive  stresses  and  strains  are 
assumed  to  be  positive. 

3.2  Stress-Strain  Relations 
3.2.1  Unconfined  Compression 

The  tests  for  compressive  strength  of  the  3x6  in.  cylindrical 


specimens  were  performed  according  to  ASTM  C39-72  specification. 

The  load  rate  was  maintained  at  15  kips/ml n.  and  axial  strains  were 
measured  by  an  extensometer  mounted  around  the  specimen.  The 
machine  used  in  applying  the  load  was  not  a  "stiff"  testing  machine; 
therefore,  no  post-peak  behavior  could  be  recorded. 

The  stress-strain  curves  for  these  preliminary  tests  are 
plotted  in  different  envelope  combinations  as  shown  in  Figs. 
3.1-3.11.  In  the  preliminary  tests,  two  variables  entered  into  the 
results.  One  was  the  mix  number  (employing  different  fibers  with 
various  aspect  ratios  as  listed  in  TABLE  2.1)  and  the  second  was 
specimen  age.  Mix  number  PO  was  the  plain  concrete  mix  used  for 
comparison  purposes.  Figs.  3. 1-3.6  show  the  stress-strain  envelopes 
for  constant  mix  numbers,  with  specimen  age  as  the  variable.  Note 
the  rapid  Increase  in  strength,  stiffness  and  failure  strain  between 
the  7  and  14  day  tests,  then  the  much  slower  increase  in  strength 
and  stiffness  for  specimen  ages  beyond  14  days.  This  is  due  to  the 
curing  procedure  described  In  Section  2.4,  i.e.,  7  days  wet  curing 
(including  the  casting  day)  followed  by  air  curing  at  room 
temperature  until  tested.  In  other  words,  the  curing  procedure 
forced  these  parameters  to  level  off  sooner  than  had  they  been  wet 
cured  the  entire  period.  Note  also  the  good  reproducibility  of 
identically  aged  specimens'  stress-strain  results. 

Figs.  3.7-3.11  show  the  stress-strain  envelopes  for  constant 
specimen  age,  with  preliminary  mix  numbers  as  the  variable.  Even 
though  the  primary  function  of  the  fibers  Is  to  increase  tensile 
strength,  toughness.  Impact  resistance,  etc.  and  not  compressive 


5TRRIN  *  1000  ( IN/ IN) 


Fig.  3.1.  Unconfined  Compression  Stress- 

Strain  Curves  for  3x6  in.  Cylinders. 


Specimen  age  in  days  indicated 
for  respective  curves. 


i 1 1 - 1 - 1 - 1 - 1 - 1- 

I  2  3  H 

5TRRIN  *  1000  ( IN/ IN) 


Unconfined  Compression  Stress- 
Strain  Curves  for  3x6  in.  Cylinders 
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5TRRIN  *  1000  C IN/ IN) 


Fig.  3.3.  Unconfined  Compression  Stress- 

Strain  Curves  for  3x6  in.  Cylinders. 


0  1  2  3  H  5 


5TRRIN  *  1000  ( IN/ IN) 

Fig.  3.4.  Unconfined  Compression  Stress- 

Strain  Curves  for  3x6  in.  Cylinders. 


7.  Unconfined  Compression  Stress- 

Strain  Curves  for  3x6  in.  Cylinders 


Preliminary  mix  number  indicated 
for  respective  curves. 


5TRRIN  *  1000  C IN/ IN) 


Fig.  3.9.  Unconfined  Compression  Stress- 

Strain  Curves  for  3x6  in.  Cylinders. 
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strength,  the  presence  of  the  fibers  do  improve  the  compressive 
strength  and  stiffness  of  concrete  when  compared  to  the  plain 
concrete  mix  (PO),  as  demonstrated  in  these  figures.  There  does 
appear  to  be  one  exception  however.  The  mix  employing  the  ZP  50/. 50 
fiber  (PI)  has  about  the  same  properties  in  unconfined  compression 
as  the  plain  concrete  mix  (PO).  This  fiber  has  a  length  of  50  mm 
(1.97  in.)  which  is  only  one  inch  less  than  the  diameter  of  the 
cylindrical  specimens  tested.  Therefore,  this  size  effect  could  be 
the  cause  of  the  similar  results  between  these  two  mixes.  Also,  as 
shown  in  TABLE  3.1,  the  PI  mix  has  only  10  fibers  per  cu.  in.  of 
concrete  with  an  aspect  ratio  of  100.  The  smaller  the  number  of 
fibers  per  unit  volume  of  concrete,  the  less  likely  will  stress 
redistribution  through  the  fibers  take  place,  thus  causing  the 
strength  and  the  stiffness  of  this  mix  to  be  closer  to  those  for 
plain  concrete  than  are  the  other  fiber  concrete  mixes. 

From  these  same  figures,  one  can  see  that  the  mix  employing  the 
straight  "Fibercon"  fiber  (P5),  show  higher  stiffness  and  usually 
higher  compressive  strength  than  the  other  mixes.  Again,  from  TABLE 
3.1,  one  notes  there  are  over  27  fibers  per  cu.  in.  of  concrete  for 
this  mix,  possibly  allowing  more  stress  redistribution  through  the 
fibers  to  take  place,  thus  indicating  higher  strength  and 
stiffness.  The  stress-strain  results  of  the  other  mixes  (P2-P4)  are 
seen  to  usually  make  up  the  center  of  the  envelopes. 


Fig.  3.12  shows  the  average  secant  moduli  of  the  cylindrical 
specimens  measured  from  their  unconfined  compression  stress-strain 
curves  according  to  ASTM  C469-65  specifications.  Note  the  increase 
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1 


In  stiffness  with  specimen  age  (as  should  be  expected),  how  this 
envelope's  limits  are  set  by  the  PO  plain  mix  and  primarily  by  the 
P5  “Flbercon"  mix,  and  the  similarity  between  the  PO  mix  and  the  mix 
employing  the  ZP  50/. 50  fiber  (PI),  all  as  previously  discussed. 
There  appears  to  be  a  large  amount  of  scatter  present  in  this 
figure,  but  notice  how  the  scale  Is  greatly  expanded.  If  one  were 
to  use  a  secant  modulus  E  of  3520  ksS  set  by  the  PO  plain  mix  at  50 
days  as  a  point  of  reference,  then  the  most  extreme  change  in  E  is 
only  7.1%  greater  at  3770  ksi. 

3.2.2  Multi  axial  Compression 

In  this  section,  stress-strain  curves  for  all  cubical  tests 
conducted  In  the  preliminary  test  series  (TABLE  2.6)  are  presented. 
The  cubical  device  used  for  testing  these  specimens  and  the  stress 
path  employed  In  these  tests  are  described  In  Sections  2.6  and  2.8 
respectively. 

Figs.  3.13-3.20  show  the  summaries  of  the  maximum  principal 
stress-strain  curves  (ai-e*)  obtained  from  these  tests.  The  data  is 
presented  this  way  because  the  purpose  of  the  preliminary  tests  was 
to  provide  information  that  could  be  inspected  visually  to  aid  in 
choosing  the  one  fiber  for  the  final  test  series.  Since  the 
unconfined  compression  data  discussed  in  the  previous  section  is 
shown  in  the  same  form,  it  was  felt  sufficient  for  discussion 
purposes  to  present  only  the  maximum  principal  stress-strain  results 
for  the  multi  axial  compression  tests.  (The  complete  principal  and 
octahedral  stress-strain  curves  for  these  preliminary  tests  on  4 
in.  cubes  in  multi  axial  compression  are  presented  in  Appendix  A). 


Fig.  3.15.  Maximum  Principal  Stress-Strain  Curves 
Compression  Tests  on  4  in.  Cubes. 
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As  In  the  unconfined  compression  tests,  the  mix  number  and  specimen 
age  were  the  two  variables  Involved.  Mo  cubical  tests  on  the  plain 
concrete  (PO)  were  conducted. 

Figs.  3.13-3.17  show  the  maximum  principal  stress-strain 
envelopes  for  each  mix,  with  specimen  age  as  the  variable.  In 
Figs.  3.18-3.20  the  stress-strain  envelopes  are  plotted  for  constant 
specimen  age,  with  mix  numbers  as  the  variable.  Note  here  that  in 
all  these  figures,  each  curve  represents  stress-strain  results  for 
single  tests  only.  This  was  because  of  the  time  constraint  involved 
in  trying  to  test  these  specimens  at  specified  ages,  since  the  six 
mixes  (Including  the  PO  plain  mix)  were  all  cast  in  the  same  week, 
each  on  separate  days. 

In  the  first  set  of  these  figures  (Figs.  3.13-3.17),  one  would 
expect  as  in  the  unconfined  compression  tests  to  see  an  increase  in 
stiffness  with  specimen  age  before  leveling  off.  Fig.  3.15  for  the 
P3  30/. 40  mix  shows  this  whereas  the  PI  50/. 50  mix  data  in  Fig.  3.13 
shows  just  the  opposite.  The  P4  40/. 40  and  P5  "Fibercon"  mixes 
shown  in  Figs.  3.16  and  3.17  respectively  show  nearly  identical 
behavior  in  the  major  principal  stress  direction,  indicating  the  age 
at  which  these  tests  were  conducted  had  no  influence. 

A  large  difference  in  stiffnesses  is  seen  in  the  second  set  of 
figures  (Figs.  3.18-3.20)  where  the  specimen  age  is  constant.  One 
can  only  say  the  P5  "Fibercon"  mix  was  stiffer  than  the  others  at  14 
and  28  days  as  it  nearly  was  in  the  unconfined  compression  tests  on 
cylinders  (see  Fig.  3.12),  and  the  PI  50/. 50  mix  did  not  have  the 
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lowest  SFRC  stiffness  as  it  showed  in  the  unconfined  compression 
mode. 

With  only  single  stress-strain  results  for  each  type  of  test. 

It  becomes  very  difficult  if  not  Impossible  to  draw  any  statistical 
conclusions  regarding  stiffness,  strength,  etc.  Increasing  with  age 
or  how  these  values  might  change  with  mix  number  for  the  multi  axial 
compression  tests.  After  all,  since  the  material  Is  concrete,  and 
even  identically  tested  concrete  specimens  normally  show  some 
scatter,  one  cannot  call  these  stress-strain  curves  representative 
of  how  other  identically  tested  specimens  would  behave.  Also  note 
that  some  of  the  curves  extend  to  higher  stress-strain  values  than 
others.  Only  the  21  day  -  P2  30/. 50  specimen  shown  in  Figs.  3.14 
and  3.19  was  taken  to  failure  (dilation).  In  all  the  other  tests, 
either  the  testing  equipment  broke  down,  a  specimen's  edge  chipped 
off  causing  a  membrane  to  extrude  and  burst  from  the  major  principal 
stress  direction  (oi)  to  the  minor  direction  (a3),  or  a  pinhole  in 
a  membrane  caused  failure  on  the  surface  of  the  specimen  to  occur. 
Therefore,  the  peak  value  indicated  by  all  but  one  of  these  curves 
does  not  imply  specimen  failure  but  rather  termination  of  the  test 
by  one  of  these  other  means.  As  mentioned  in  Section  2.8,  one 
purpose  of  these  cubical  tests  in  the  preliminary  series  was  to 
debug  the  testing  procedure.  Most  of  these  bugs,  including  the  ones 
in  the  testing  equipment,  sample  preparation,  brass  target  and 
leather  pad  design  were  worked  out  before  the  final  test  series 
began. 
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3.3  Strength 

3.3.1  Unconfined  Compression 

In  this  section,  the  unconfined  compressive  strengths  of  3x6 
in.  cylinders  tested  as  defined  in  Section  3.2.1  and  4  in.  cubes  are 
reported.  These  tests  were  conducted  at  various  specimen  ages  to 
observe  the  effect  of  age  on  strength  (after  following  the  curing 
period  previously  described)  in  order  to  determine  if  after  50  days 
of  curing,  full  strength  could  be  achieved  so  that  the  final 
multi  axial  compression  tests  on  4  in.  cubes  could  be  conducted 
without  Increasing  concrete  strength  with  age  becoming  an  additional 
unwanted  variable. 

Fig.  3.21  shows  the  average  unconfined  compressive  strengths 
( f ‘ )  plotted  versus  age  for  all  the  3x6  in.  cylinders  tested  in  the 

V 

preliminary  series.  Notice  how  the  strengths  do  Indeed  level  off  at 
50  days  with  only  some  slight  increases  In  a  few  of  the  mixes.  Also 
note  that  the  largest  increase  in  f^  at  50  days  of  the  SFRC  over 
plain  concrete  (P0)  is  about  21%  for  the  straight  fiber  mix  (P5 
"Fibercon")  and  about  18%  for  the  P3  30/. 40  deformed  fiber  mix.  The 
increase  in  f'  for  the  PI  50/. 50  deformed  fiber  mix  over  plain 

V 

concrete  (P0)  is  only  about  3%  indicating  that  the  shorter  fibers 
appear  to  add  to  the  compressive  strength  somewhat  more  than  the 
long  fibers. 

Some  of  the  mixes  show  a  drop  in  average  unconfined  compressive 
strength  with  increasing  age,  which  is  especially  noticeable  between 
14  and  21  days.  All  that  can  be  concluded  from  this  Is  that  the 
curing  procedure  may  have  caused  this  or  that  the  decrease  in 
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strength  is  due  to  scatter  inherent  in  concrete  behavior  since  the 
values  plotted  are  average  values  of  strength,  each  for  at  least 
three  randomly  chosen  specimens.  TABLE  2.8  shows  that  all  the 
cubical  tests  in  the  final  test  series  were  conducted  at  ages  well 
beyond  50  days;  therefore  the  probability  of  strength  increasing 
with  age  after  50  days  could  comfortably  De  neglected. 

Fig.  3.22  shows  the  average  unconfined  compressive  strengths 
(fc),  each  for  two  randomly  chosen  specimens,  plotted  versus  age  for 
all  the  4  in.  cubes  tested  in  the  preliminary  series.  Tests  on 
these  cubes  were  conducted  only  up  to  28  days  of  age.  Once  again  it 
can  be  seen  that  the  strengths  do  begin  to  level  off  after  14  days. 
However,  as  in  the  tests  on  cylinders,  a  drop  in  strengths  is 
present  between  21  and  28  days,  even  with  some  dropping  below  the 
strength  of  plain  concrete.  The  cause  may  be  the  same  as  those 
described  in  the  previous  paragraph  or  that  the  size  of  the  4  in. 
cubical  specimens  may  affect  the  strengths  reported. 

Fig.  3.23  shows  the  comparisons  of  average  strengths  versus  age 
in  unconfined  compression  of  cylinders  (f')  and  cubes  (f  )  for  the 

v  L 

one  SFRC  mix  that  was  eventually  chosen  to  be  used  in  the  final  test 
series  employing  the  Bekaert  ZP  30/. 40  deformed  fiber.  The  "P3" 
Indicates  the  mix  tested  in  the  preliminary  series  and  "FI"  and  "F2" 
represent  the  two  Identical  mixes  cast  a  later  date  for  the  final 
test  series.  The  purposes  of  this  figure  are  to  demonstrate  the 
differences  between  identical  mixes,  cast  at  different  times  and  to 
see  if  the  results  of  some  basic  tests  on  the  same  mix  were 
reproducible.  Notice  the  similarity  between  the  cylinders  and  cubes 


Age  (days) 

:ig.  3.23.  Comparison  of  Average  Unconfined  Compressive  Strength  for  3x6  in.  Cyls. 
(f ' )  and  4  in.  Cubes  (f  )  vs.  Age  for  the  Final  SFRC  Mix  Chosen. 
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tested  In  the  preliminary  series  (P3).  Also  note  the  small 
variations  In  strength  results  at  50  days,  even  though  a  greater 
scatter  Is  present  at  28  days.  The  value  of  the  unconfined  cylinder 
compressive  strength  (f‘)  used  for  reference  In  the  final  test 

V 

series  was  9200  psi  (based  on  50-52  day  FI  and  F2  test  results). 

3.3.2  Relations  Between  Unconfined  Compressive  Strength  { f^ ) * 

Indirect  Tensile  Strength  (T),  Rupture  Modulus  (R)  and 
Various  Fiber  Properties. 

As  previously  mentioned,  80  lbs  of  fibers  per  cubic  yard  of 

concrete  were  incorporated  into  the  concrete  mix  for  all  fiber  types 

and  sizes.  This  is  equivalent  to  a  volume  percentage  of  fibers 

equal  to  0.6%.  A  simple  calculation  can  be  made  to  find  the  number 

of  fibers  per  unit  volume  of  concrete: 

no.  of  fibers  =  vol .  %  of  fibers  (3.1) 

unit  voT.  concrete  vol .  per  fiber 

In  TABLE  3.1,  the  steel  fiber  sizes  used  in  the  preliminary  test 

series  are  listed.  The  Bekaert  "Dramlx"  deformed  fibers  have  a 

circular  cross  section  and  the  USS  "Flbercon"  straight  fibers  have  a 

flat  cross  section  (See  Fig,  2.2).  Therefore  the  volume  per  fiber 

can  easily  be  calculated  as: 

(vol./f1ber)c1rcular  *  i  ;  Bekaert  (3.2) 


(vol ./fiber) 


flat 


=  wU;  USS 
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where  d  =  diameter 
X  =  length 
w  =  width 
t  *  thickness  . 

For  example,  for  the  "Dramlx"  ZP  50/. 50  fibers, 

vol. /fiber  =  j  (0.50  mm)2  (50  mn) 

*  9.817  mm3 
=  6xl0-4  in.3 

Therefore  from  Eq.  3.1: 

no.  of  fibers  _  0.6%  _  10  fibers 

In.3  concrete  6xl0-4  in.3  in.3  concrete  . 

In  TABLE  3.1,  the  number  of  fibers  per  cu.  in.  of  concrete 
calculated  for  all  fibers  used  is  also  given. 

In  the  preliminary  series,  various  tests  were  performed  to 
determine  the  effect  of  the  fiber  aspect  ratio  U/d)  and  fiber 
length  [x)  on  the  following  strength  properties  of  the  mixes: 

1)  unconfined  compressive  strength  (f<;)  of  3x6  in. 
cylindrical  specimens  tested  in  accordance  with 
ASTM  C39-72  specifications.  Results  are  shown  in 
Figs.  3.24  and  3.27. 

2)  indirect  tensile  strength  (T)  of  3x6  in. 
cylindrical  specimens  tested  in  accordance  with 


t 


ASTM  C496-71  specifications.  Results  are  shown 
In  Figs.  3.25  and  3.28. 
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3)  modulus  of  rupture  (R)  (flexural  strength)  of 
3x3x15  In.  simple  beams  with  third-point  loading 
tested  In  accordance  with  ASTM  C78-75  specifications. 

Results  are  shown  In  Figs.  3.26  and  3.29. 

One  could  argue  as  to  whether  aspect  ratio  or  length  Is  more 
appropriate  to  use  In  representing  these  various  strengths.  Note 
that  If  the  diameters  of  all  the  fibers  were  equal,  these  two 
factors  would  be  identical.  However,  the  diameter  of  fibers  used 
varied  from  0.40  mm  to  0.50  mm  for  the  "Dramlx"  fibers.  It  Is 
sometimes  easier  to  explain  the  strength  results  In  terms  of  the 
fiber  length  alone,  or  both  length  and  aspect  ratio,  rather  than 
aspect  ratio  alone.  In  most  literature  on  this  subject,  only  aspect 
ratio  Is  considered. 

The  data  shown  In  Figs.  3.24  and  3.27  demonstrates  a  decrease 
in  the  unconfined  compressive  strength  with  respect  to  the  fiber 
aspect  ratio  and  length.  The  volume  percentage  of  fibers  Is 
constant  throughout.  In  an  unconfined  compression  test  performed  on 
concrete,  the  actual  failure  mode  is  due  to  shear.  In  plain 
concrete,  these  fracture  or  shear  planes  are  well  defined  and  actual 
separation  along  these  shear  planes  occurs  at  failure.  However,  in 
the  SFRC  tested,  these  shear  planes  are  much  less  defined  due  to  the 
fact  that  at  failure,  shearing  takes  place  across  the  fibers  as  well 
as  the  concrete  causing  a  stress  redistribution  at  concrete  failure 
to  occur  through  the  fibers.  Therefore  the  cross-sectional  area  of 


I 


144 


the  fibers  through  the  shear  planes  is  important.  If  one  were  to 
imagine  a  hypothetical  case  in  which  one  "smooth"  shear  plane 
developed  at  failure  and  that  all  the  fibers  were  oriented 
perpendicular  to  this  plane,  then  a  correlation  can  be  seen  between 
the  unconfined  compressive  strength  and  the  total  fiber 
cross-sectional  area  of  all  the  fibers  per  square  inch  of  concrete 
area.  That  is,  assume  all  the  fibers  per  unit  volume  of  concrete 
(TABLE  3.1)  are  aligned  perpendicular  to  the  shear  plane  that  occurs 
in  unconfined  compression.  Then  one  can  easily  calculate,  knowing 
the  fiber  cross-section,  the  cross-sectional  area  of  all  the  fibers 
per  square  Inch  of  concrete  through  the  shear  plane.  In  Fig.  3.30, 
it  is  seen  that  the  compressive  strength  increases  with  increasing 
total  fiber  cross-sectional  area  simply  because  there  is  more  fiber 
area  across  the  shear  plane  when  failure  takes  place.  Note  also  the 
inverse  relationship  between  fiber  length  vs.  compressive  strength 
and  fiber  area  vs.  compressive  strength  as  shown  in  Figs.  3.27  and 
3.30  respectively.  For  a  constant  volume  percentage  of  fibers,  the 
total  fiber  cross-sectional  area  per  unit  volume  of  concrete  must 
decrease  as  the  length  increases,  thereby  explaining  the  phenomenon 
of  decreasing  compressive  strength  with  Increasing  fiber  length. 

That  is,  the  compressive  strength  decreases  due  to  the  decreased 
fiber  area  (for  increasing  fiber  lengths)  across  the  shear  plane, 
regardless  of  the  direction  of  the  shear  plane. 

The  same  argument  of  increasing  strength  with  regard  to  the 
total  fiber  cross-sectional  area  does  not  seem  to  apply  to  the 
indirect  tensile  strength  (T)  (split  cylinder  strength)  nor  the 
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rupture  modulus  ( R )  (pure  bending  strength)  as  shown  In  Figs.  3.31 
and  3.32.  A  better  explanation  for  the  Increase  In  these  strengths 
would  be  with  regard  to  the  fiber  aspect  ratio  and/or  fiber  length 
as  shown  in  Figs.  3.25  and  3.28  for  the  indirect  tension  tests  and 
Figs.  3.26  and  3.29  for  the  pure  bending  tests.  In  both  types  of 
tests,  the  SFRC  specimens  fracture  along  a  straight  line  with  a 
tensile  type  failure,  as  shown  In  Fig.  3.33,  rather  than  a  shear 
failure,  as  occurs  in  unconfined  compression. 


Fig.  3.33.  Failure  Modes  in:  (a)  Indirect  Tension: 

(b)  Pure  Bending. 


The  reason  for  the  increase  In  these  strengths  (especially  the 
indirect  tensile  strength)  with  respect  to  Increasing  fiber  length 
and/or  aspect  ratio  is  that  for  longer  fibers,  there  is  more  bond  or 
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"development"  length  between  the  fibers  and  the  mortar  In  the 
concrete.  The  fibers  can  either  pull  out  or  actually  break  In 
tension.  During  the  tests,  one  could  actually  hear  the  popping  of 
the  fibers  failing  in  tension.  But  regardless  of  that,  an  Increase 
of  bond  length  implies  an  Increase  In  the  tensile  strength  of  the 
composite  because  In  tension,  the  steel  must  be  developed  to  be 
effective.  Therefore  long  fibers  carry  a  larger  portion  of  the  load 
in  tension  than  shorter  fibers  would.  This  can  be  seen  in  Fig. 

3.28.  Note  also  the  Indirect  tensile  strength  of  the  SFRC  is  much 
less  for  the  "Flbercon"  composite  than  reported  for  the  others. 

These  fibers  are  straight  so  pull  out  is  much  easier,  whereas  the 
"Dramix"  fibers  employ  bent  ends  which  act  as  anchors.  Increasing 
the  development  length.  It  seems  obvious  that  the  deformed  ends  of 
these  fibers  should  contribute  significantly  to  the  increase  in  the 
bond  between  fiber  and  matrix.  It  should  be  pointed  out  that  the 
"Dramix"  fibers  did  not  always  break  in  tension.  They  too  pulled 
out  on  occasion,  especially  at  failure  when  the  concrete  itself 
began  to  breakdown  or  be  crushed.  Some  concrete  crushing  does  occur 
in  the  indirect  tension  tests.  This  is  one  drawback  of  this  type  of 
test,  since  direct  tensile  strength  is  not  measured.  Thus,  the  name 
of  "indirect  tension"  is  given  to  it.  It  should  also  be  pointed  out 
that  the  USS  "Flbercon"  fibers  were  used  in  the  same  volume  percen¬ 
tage  as  for  the  Bekaert  "Dramix"  fibers,  so  that  the  results  could 
be  used  to  compare  deformed  to  straight  fibers  for  the  few  simple 
tests  performed.  Normally  in  practice,  a  higher  volume  percentage 
is  recommended  for  the  "Flbercon"  fibers  (1.05%  or  140  lb/yd3 
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as  compared  to  0.6%  or  80  lb/yd3  recommended  and  used  for  the 
"Dramlx"  deformed  fibers)  but  this  additional  variable  was  not 
considered  In  the  analysis  of  results;  therefore  the  volume 
percentage  was  kept  constant  for  all  fibers. 

TABLE  3.2  summarizes  from  TABLES  2.2,  2.4  and  2.5  the  average 
strengths  for  three  of  the  tests  In  the  preliminary  series  with 
percentage  Increases  In  plain  concrete  strengths  for  the  same  type 
of  tests  also  given.  For  a  constant  volume  percentage  of  all  the 
fibers,  one  can  see,  as  In  the  appropriate  figures,  an  inverse 
relationship  between  fiber  length  and  aspect  ratio  with  compressive 
strength  and  a  direct  relationship  between  fiber  length  and  aspect 
ratio  with  tensile  strength.  The  number  of  fibers  per  cu.  in.  of 
concrete  (TABLE  3.1)  and  fiber  development  length  seem  to  be  the 
important  parameters  governing  the  compressive  and  tensile 
strengths,  respectively.  The  deformed  ends  on  the  "Dramix"  fibers 
add  more  to  the  fiber  development  length  for  tensile  behavior  than 
does  the  fiber  without  the  deformed  ends  ("Fibercon") . 

3.4  Conclusions  for  the  Design  of  the  Mix  Used  in  the  Final  Test 

Series 

1)  All  the  fibers  performed  well  during  mixing.  The  glue 
on  the  collated  "Dramix"  fibers  dissolved  completely  after 
about  two  minutes  of  mixing  and  random  orientation  of  the 
fibers  could  visually  be  seen.  The  mixing  of  the  straight, 
loose  "Fibercon"  fibers  with  the  dry  aggregate  prior  to 
adding  cement  and  water  was  necessary  to  achieve  good 
random  orientation  of  these  fibers  in  the  mix.  The 
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TABLE  3.2 


SUMMARY  OF  AVERAGE  STRENGTHS  FOR  PRELIMINARY  TESTS  * 


STRENGTH  VALUES  GIVEN  IN  PSI  WITH  PERCENTAGE 
INCREASES  OVER  PLAIN  CONCRETE  STRENGTHS  INDICATED 
IN  PARENTHESES. 


Test 

Mix 

No.  N. 

Unconfined 
Compressive 
Strength  of 
Cylinders 

[so  day 

Indirect 
Tensile 
Strength  of 
Cylinders 

[28  day  t] 

Flexural 
Strength 
of  Beams 

[^28  day  r] 

PO 

Plain 

7707 

657 

646 

PI 

Drami x 
50/. 50 

7908 

(2.6%) 

1159 

(76.5%) 

809 

(25.2%) 

P2 

Drami x 
30/. 50 

9056 

(17.5%) 

1019 

(55.2%) 

673 

(4.2%) 

P3 

Drami x 
30/. 40 

9099 

(18.1%) 

953 

(45.1%) 

855 

(32.4%) 

P4 

Drami x 
40/. 40 

8797 

(14.1%) 

1072 

(63.2%) 

1176 

(82.1%) 

P5 

Fibercon 

9292 

(20.6%) 

744 

(13.3%) 

850 

(31.6%) 
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workability  and  casting  of  the  SFRC  mixes  was  much 
better  for  mixes  employing  short  fibers  probably  due 
to  the  size  effect  between  fiber  lengths  and  specimen 
sizes.  As  a  result,  the  reproducibility  of  test 
results  were  better  for  the  mixes  with  shorter  fibers. 

2)  Unconfined  compressive  strengths  were  found  to  level 
off  at  50  days  of  age,  indicating  that  the  cubical 
tests  in  the  final  series  could  be  conducted  after 
this  time  without  Increasing  concrete  strength  with 
age  becoming  an  additional  variable. 

3)  The  deformed  ZP  50/. 50  fiber  in  the  PI  mix  only  gave 
slight  improvements  over  plain  concrete  strength  and 
stiffness,  but  large  improvements  in  tensile 
strength.  Conversely,  the  straight  "Fibercon"  fiber 
in  the  P5  mix  improved  compressive  strength  and 
stiffness  significantly  but  offered  little  to  tensile 
strength.  In  general,  the  deformed  fibers  are 
superior  to  the  straight  fibers  in  load  carrying 
capacity  in  tension,  for  the  same  volume  percentage. 
One  should  not  consider  only  fiber  aspect  ratio  in 
analyzing  results  but  also  examine  the  effects  of  the 
number  of  fibers  per  cu.  In.  of  concrete  and 
especially  fiber  length  on  strengths. 

4)  Since  the  purpose  of  the  preliminary  tests  was  to 
study  the  effects  of  fiber  aspect  ratio  and/or  fiber 
length  on  different  material  properties  and  to  choose 


one  fiber  based  on  these  tests,  the  "Flbercon"  fiber 
was  not  to  be  considered  for  use  in  the  final  test 
series  because  it  was  straight  and  only  one  aspect  ratio 
of  this  fiber  type  was  available  for  this  research. 

5)  Mix  number  P3  employing  the  ZP  30/. 40  deformed  fiber 
produced  results  intermediate  with  all  the  other  mixes 
tested  in  the  preliminary  series.  The  consistency  of 
this  mix  was  good  and  reproducibility  of  test  results 
were  very  good.  Above  all,  workability  was  a  very 
important  consideration  in  choosing  a  SFRC  mix 
primarily  for  the  ease  with  which  the  test  specimens 
could  be  prepared.  It  was  intended  from  the  start  to 
use  one  of  the  deformed  fibers  rather  than  the 
straight  fiber  so  the  effect  of  aspect  ratio  for  all 
the  same  type  of  fibers  could  be  investigated.  The 
ZP  30/. 40  fiber,  having  the  greatest  quantity  per 
cu.  in.  of  concrete  of  all  the  deformed  fibers,  was 
one  of  the  two  shortest  deformed  fibers  used.  There¬ 
fore  the  size  effect  between  specimen  size  and  fiber 
length  would  be  less  likely  seen. 

From  the  above  criteria,  the  ZP  30/. 40  fiber  was  selected  for 
the  final  three-dimensional  test  series.  Material  properties 
obtained  for  this  mix  in  the  preliminary  test  series  are  summarized 
as  follows  with  percent  Improvements  over  plain  concrete  shown  in 
parentheses: 

a)  50  day  Secant  Modulus  of  Elasticity  in  Unconfined 


Compression  (E)  =  3570  ksi  (1.4%) 


b)  50  day  Unconfined  Compressive  Strength  (f<;)  *  9099  psi 
(18.1%) 

c)  28  day  Indirect  Tensile  Strength  (T)  =  953  psi  (45.1%) 

d)  28  day  Flexural  Strength  (R)  =  855  psi  (32.4%) 

Using  the  ZP  30/. 40  deformed  fiber,  two  mixes  identical  to  P3 
were  cast  for  the  final  test  series  according  to  the  procedures 
outlined  in  Chapter  2.  Each  casting  produced  twenty  four  4-1n. 
cubical  test  specimens  and  a  number  of  3x6  in.  cylindrical  control 
specimens. 


CHAPTER  4 


FINAL  TEST  SERIES 


4.1  Introduction 

Recall  from  Chapter  3  the  decision  to  use  the  Bekaert  "Dramix" 
ZP  30/. 40  steel  fiber  for  the  final  series  of  tests.  This  chapter 
presents  the  stress-strain  and  strength  results  of  the  CU-SFRC, 
employing  only  that  fiber,  for  the  tests  conducted  on  3  x  6  in. 
control  cylinders  tested  In  unconfined  compression  and  for  the 
extensive  tests  on  4  in.  cubes  tested  in  multi  axial  compression. 

No  constitutive  relations  regarding  stress-strain  or  strength 
behavior  are  discussed.  They  are  in  Chapter  5. 

The  two  identical  mixes  In  the  final  test  series  are  labeled  FI 
and  F2  and  were  cast  and  cured  identically  to  each  other  and  to  the 
P3  mix  from  the  preliminary  test  series.  The  casting  and  curing 
procedures,  sample  preparation,  test  procedure,  etc.,  are  discussed 
in  detail  in  Chapter  2. 

TABLE  2.7  gives  the  details  of  the  3x6  in.  cylinder  test 
program  for  this  series  of  tests.  Section  4.2  presents  the  results 
of  these  simple  tests,  with  comparisons  made  to  the  same  tests 
conducted  on  mixes  in  the  preliminary  series. 

TABLE  2.8  gives  the  4  in.  cube  test  program  details  for  the 
multiaxial  compression  tests.  Section  4.3.1  and  4.3.2  present  the 
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stress-strain  results  in  principal  and  octahedral  form  for  these 
tests.  Stress-strain  summary  curves  are  also  presented  as  well  as 
average  results,  and  discussion  of  the  observed  stress-strain 
behavior  is  given.  In  Section  4.3.3,  the  results  of  some 
specialized  tests  to  determine  the  elastic  material  constants  along 
with  the  theory  behind  those  tests  are  presented.  Finally,  the 
failure  strengths  of  the  SFRC  specimens  with  discussions  for  the 
observed  strengths  are  given  in  Section  4.3.4. 

4.2  Unconfined  Compression 

The  tests  for  compressive  strength  of  the  3  x  6  In.  cylindrical 
control  specimens  in  this,  the  final  test  series,  were  performed 
identically  to  those  in  the  preliminary  series.  The  procedure  has 
been  described  fully  in  Section  3.2.1. 

The  stress-strain  envelopes  for  these  tests  on  identical  mixes 
(FI  and  F2)  are  shown  in  Figs.  4.1  and  4.2  respectively.  All  the 
tests  were  done  in  triplicate  and  in  these  figures,  specimen  age  is 
the  variable.  Note  the  good  reproducibility  of  the  stress-strain 
results  for  identically  aged  specimens.  Figs  3.23  and  4.3  show  the 
average  unconfined  compressive  strength  (f^)  and  the  average  secant 
modulus  E  (ASTM  C469-65),  respectively,  for  cylindrical  specimens 
from  mixes  FI  and  F2.  Note  in  all  the  aforementioned  figures,  as  in 
identical  tests  for  the  preliminary  series,  that  due  to  the  curing 
procedure  described  in  Section  2.4  there  is  a  rapid  increase  in 
strength  and  stiffness  between  the  7  and  14  (or  16)  day  tests,  then 
a  much  slower  Increase  in  strength  and  stiffness  for  specimen  ages 


166 

beyond  14  days  where  gradual  leveling  off  begins.  One  can  see  from 
Fig.  3.23  that  for  Identical  mixes  (P3,  FI  and  F2)  that  were  cast  at 


different  times,  some  scatter  In  compressive  strength  for  the  same 
age  Is  present.  However,  note  the  small  variations  In  strength 
results  at  or  near  50  days.  Good  reproducibility  Is  observed  In  the 
stiffness  values  shown  In  Fig.  4.3  for  the  FI  and  F2  mixes.  Notice 
also  the  Increased  fiber  reinforced  concrete  stiffness  over  that  of 
plain  concrete  for  all  ages. 

Tabulated  values  of  f^  and  E  for  the  plain  concrete  mix  (PO) 
and  the  three  identical  fiber  concrete  mixes  (P3,  FI  and  F2)  are 
given  in  TABLE  4.1,  with  percent  Improvements  over  the  plain 
concrete  properties  shown  In  parentheses. 

4.3  Multi  axial  Compression 

In  the  following  subsections,  the  results  of  all  the  multi  axial 
compression  tests  on  4  in.  cubes  tested  in  the  final  series  are 
presented.  Section  2.8  -  Part  2  gives  the  details  of  the  procedure 
for  these  tests  with  TABLE  2.8  listing  the  type  of  tests  conducted 
on  each  specimen.  To  repeat  again,  these  monotonic  tests  were 
conducted  by  loading  the  specimens  hydrostatically  to  one  of  three 
specified  levels  of  hydrostatic  stress  (cr0  =  4,  6  or  8  ksi) 
subsequently  followed  by  shear  deviation  at  that  constant 
hydrostatic  stress  along  one  of  the  three  prescribed  stress  paths 
shown  In  Figs.  2.31  and  2.32.  Stress-strain  and  strength  data  was 
collected  for  the  tests  and  Is  presented  below.  Compressive 
stresses  and  strains  are  assumed  to  be  positive  and  the  applied 
stresses  and  measured  strains  In  the  three  loading  directions  are 
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TABLE  4.1 

SUMMARY  OF  AVERAGE  STRENGTHS  AND  SECANT  MODULI 
FOR  CYLINDERS  IN  UNCONFINED  COMPRESSION  * 

*  PERCENT  INCREASES  OVER  PLAIN  CONCRETE 
VALUES  INDICATED  IN  PARENTHESES. 
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regarded  as  the  principal  stresses  and  strains.  Tabulated  principal 
and  octahedral  stress-strain  data  for  all  tests  In  the  final  series 


Is  given  In  Appendix  A. 

4.3.1  Principal  Stress-Strain  Relations 

The  principal  stress-strain  curves  obtained  for  these  tests  are 
plotted  individually  in  Figs.  4.4  -  4.31.  Figs.  4.32  -  4.40  show 
the  same  results  plotted  together  for  identical  tests  on  different 
specimens  in  order  to  examine  the  scatter  present  from  one  specimen 
to  the  next.  In  all  these  figures,  the  results  are  plotted  as  the 
major  principal  stress  (c^)  normalized  with  respect  to  the 
hydrostatic  stress  at  the  respective  octahedral  plane  for  that  test 
(cron,)  versus  all  principal  strains  and  volumetric  strain 
( c y  =  £i  +  £2  +  £3  =  £x  +  ey  +  £z)‘  other  words,  crom 
is  the  maximum  value  of  hydrostatic  stress  employed  In  the  test. 

All  curves  are  labeled  with  an  x,  y,  z  or  v  respectively  for  the 
normalized  major  principal  stress  (<3i/om)  vs*  principal  strain 
(ej,  ,  e2,  £3  or  ex,  £y ,  ez)  results.  It  seems  obvious  which 
strain  (ex,  ey  or  ez)  corresponds  to  the  principal  strains 
(ei ,  e2  or  e3)  but  to  prevent  any  confusion,  refer  to  Fig.  2.32 
where  the  relationships  between  principal  directions  (1,  2  or  3)  and 
the  cubical  specimens'  reference  directions  (x,  y  or  z)  are  given. 
Information  regarding  the  specimen  number,  loading  condition  (TC,  SS 
or  TE)  and  the  value  of  aom  (4,  6  or  8  ksi)  for  the  test  are  also 
given  In  each  figure. 

Three  different  strain  scales  were  used  for  presenting  the 
results  for  no  other  reason  than  to  be  able  to  "see"  the 
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Principal  Stress-Strain  Results. 
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Fig.  4.17.  Principal  Stres 
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Fig.  4.20.  Principal  Stress-Strain  Results. 


Fig.  4.23. 


Fig.  4.24. 


Fig.  4.26. 


Fig.  4.28.  Principal  Stress-Strain  Results. 
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Fig.  4.34.  Principal  Stress-Strain  Summary  Results. 
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i pal  Stress-Strain  Summary  Results. 
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stress-strain  curves.  All  tests  conducted  on  the  same  octahedral 
plane  (o0  =  4,  6  or  8  ksl)  employ  the  same  strain  scale. 

One  can  see  that  the  hydrostatic  portion  of  the  tests  occurs  in 
the  0  £ai/aom  £  1  range  and  the  devlatoric  part  occurs  at  values 
of  ai/cTom  >  !•  Notice  that  in  some  of  the  individual  and  grouped 
curves  there  are  "kinks"  or  "steps"  in  the  hydrostatic  compression 
part  of  the  stress-strain  curves.  In  these  seven  tests,  a 
stepped-loading  path  along  the  hydrostatic  axis  was  followed  as  a 
method  for  determining  the  elastic  material  constants  of  the 
material.  The  procedure  and  results  of  this  are  presented  in 
Section  4.3.3. 

For  the  same  type  of  test  (identical  stress  path  and  octahedral 
plane),  the  normalized  maximum  principal  stress  (oi/o0m)  is  higher 
in  some  cases  than  in  others.  All  tests  followed  a  monotonic  stress 
path  until  specimen  failure  or  equipment  breakdown  occurred,  or 
until  the  test  got  to  the  point  where  tensile  stresses  would  have  to 
be  applied  in  order  to  continue;  which  was  not  possible  at  the  time 
of  this  research.  The  cubical  device  is,  at  this  time,  a 
stress-controlled,  fluid  cushion  apparatus.  In  all  cases  of 
"equipment  breakdown",  the  cause  was  one  or  more  of  the  flexible 
membranes  rupturing  (thus  ending  the  test)  when  a  corner  or  edge  of 
the  specimen  chipped  off  due  to  the  large  deviator  stress  present 
between  major  and  minor  principal  directions.  Even  though  specimen 
failure  data  could  not  be  recorded  for  these  tests,  valuable 
stress-strain  data  was  obtained. 

Some  of  the  tests  were  taken  to  and  beyond  the  point  of  volume 


dilation  as  indicated  by  the  stress-volumetric  strain  curve. 
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"Equipment  breakdown"  Is  the  reason  the  others  were  not.  The 
stress-volumetric  strain  behavior  plays  an  Important  role  In  the 
determination  of  the  failure  stress.  This  discussion  Is  presented 
In  Section  4.3.4. 

For  discussion  purposes,  the  principal  stress-strain  behavior 
can  be  separated  Into  two  parts:  the  hydrostatic  compression  part 
(01  =  a2  =03)  and  the  devlatorlc  part.  In  this  series  of  tests, 
three  different  devlatorlc  stress  paths  were  followed:  trlaxlal 
compression  (TC),  simple  shear  (SS)  and  triaxlal  extension  (TE). 

See  Fig.  2.31.  The  behavior  corresponding  to  the  different  parts  of 
the  different  stress  paths  Is  described  separately  below. 

4. 3. 1.1  Hydrostatic  Compression  (HC) 

The  material  demonstrates  fairly  good  Isotropy  as  seen  In  the 
hydrostatic  portion  of  the  principal  stress-strain  curves.  Just  by 
examining  the  curves,  no  claims  can  be  made  as  to  which  direction 
provides  stlffer  response  during  HC.  Some  specimens  exhibit  stlffer 
behavior  than  others  under  HC.  This  scatter  Is  apparent  in  the 
summary  curves  (Figs.  4.32  -  4.40).  However,  one  can  see  that  the 
shape  of  the  devlatorlc  part  of  the  curves  Is  nearly  Identical  for 
similar  tests.  One  can  therefore  say  that  the  HC  part  of  these 
tests  constitutes  most  of  the  scatter  present  In  the  results  from 
one  test  to  the  next.  In  other  words,  if  the  HC  response  from  test 
to  test  was  Identical,  then  the  scatter  in  the  complete 
stress-strain  response  from  test  to  test  would  be  minimal.  No 
reason,  other  than  random  material  behavior,  can  be  given  to  explain 
this  scatter  that  appears  during  HC. 


4.3. 1.2  Tri axial  Compression  (TC)  In  the  Octahedral  Plane 
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In  the  TC  stress  path,  Is  Increased  with  <j2  and  <j3 
decreasing  in  such  a  way  to  keep  oq  constant.  SI  nee  uj  and  oj  are 
equal,  e2  and  e3  should  also  be  equal  for  Isotropic  or  transversely 
isotropic  behavior.  One  can  see  the  good  agreement  between  these 
strains  (ex  and  ey  in  this  case)  from  the  Individual  results. 

The  ex  curve  Is  simply  a  translation  of  the  ey  curve  if  both  are 
judged  from  the  end  of  the  HC  stress-strain  curve.  During  TC,  the 
volumetric  behavior  Is  compressive  and  nearly  linear  just  prior  to 
dilation,  then  becomes  expansive.  This  phenomenon  occurring  under 
shear  distortion  at  constant  confining  pressure  Is  nothing  new  to 
observed  concrete  behavior.  Gerstle,  et.  aK  (50)  observed  similar 
behavior  to  occur  in  plain  concrete,  with  some  of  their  results 
shown  In  Fig.  1.16.  One  interesting  thing  Is  that  for  all  the  TC 
tests,  regardless  of  the  amount  of  confining  pressure,  the 
Intermediate  and  minor  principal  strains  (ex  and  ey)  were  about 
zero  when  volume  dilation  occurred,  or  all  strain  in  the  specimen 
was  compressive  and  In  one  direction.  The  devlatoric  behavior  is 
stlffer  for  low  confining  pressures  (aom)  ^an  It  Is  for  high. 

4. 3. 1.3  Simple  Shear  ( SS)  In  the  Octahedral  Plane 

For  the  SS  stress  path,  and  03  are  increased  and  decreased 
respectively  by  the  same  amount  while  a2  Is  held  constant,  thus 
keeping  o0  constant  also.  As  In  the  TC  tests,  the  volumetric 
behavior  Is  compressive  and  nearly  linear  with  increasing  shear 
distortion  until  dilation  of  the  specimen  takes  place.  Also  note 
that  the  change  In  Intermediate  principal  strain  (Aex  in  this 
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case)  is  nearly  zero  throughout  all  the  SS  tests  except  for  high 
values  of  confining  pressure  and  shear  stress,  when  this  strain 
becomes  slightly  compressive.  This  indicates  that  plane  strain 
conditions  are  almost  satisfied  by  the  SS  stress  state  with  true 
plane  strain  conditions  lying  somewhere  between  the  SS  and  TC  stress 
paths,  very  close  to  the  SS. 

4.3. 1.4  Tri axial  Extension  (TE)  In  the  Octahedral  Plane 

In  the  TE  stress  path,  and  a2  are  Increased  equally  while 
cx3  Is  decreased  to  maintain  cjo  at  a  constant  level.  Since  and 
<j2  are  equal,  eL  and  e2  should  also  be  equal  for  istropic  material 
behavior.  As  in  the  TC  results  for  e2  and  £3,  one  can  see  good 
agreement  between  ei  and  e2  (ex  and  ey  in  this  case)  for  the  TE 
tests  from  the  individual  results,  the  difference  stemming  from  the 
HC  portion.  As  in  the  other  tests,  the  volumetric  behavior  is 
compressive  and  nearly  linear  up  to  the  point  of  dilation.  But 
immediately  after  dilation  of  the  specimen,  rapid  expansion  in  the 
volumetric  behavior  takes  place,  as  if  the  specimen  were  splitting 
in  half  and  coming  apart.  However,  careful  examination  of  the 
specimens  subjected  to  the  TE  stress  path  revealed  nothing 
significant  regarding  specimen  deformation.  The  reason  could  be 
attributed  to  the  fibers  "holding"  everything  together.  These 
deformations  were  indeed  measurable  and  very  significant  but  just 
too  small  to  detect  visually.  Also  note  that  analogous  to  the  TC 
tests,  the  minor  principal  strain  (cz)  was  practically  zero  when 
volume  dilation  occurred,  or  all  strain  in  the  specimen  was 
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compressive  but  In  two  directions,  even  though  a  three-dimensional 
stress  state  was  present. 


4.3.2  Octahedral  Stress-Strain  Relations 

The  octahedral  normal  and  shear  stresses  a<>  and  to.  and  the 
octahedral  normal  and  shear  strains  eo  and  y0  are  represented  In 
terms  of  principal  stresses  and  strains  by  the  following  relations: 


Oq  =  y  (<*1  +  ©2  +  O3 ) 


(4.1a) 


x0  -  y 


y  (01-02) 2  +  (o2“03)^  +  (03-01)^ 


(4.1b) 


£o  =  y  (£i  +  £2  +  e3 ) 


(4.1c) 


TO  *  yV  (£1  c2^2  +  (e2“£3)2  +  (C3 -£\)2 


(4. Id) 


The  octahedral  stress-strain  curves  obtained  from  the  tests  in  the 
final  series  are  plotted  Individually  In  Figs.  4.41  -  4.68.  The 
same  results  are  shown  in  summary  form  for  identical  tests  on 
different  specimens  In  Figs.  4.69  -  4.77.  All  possible  combinations 
of  octahedral  stresses  and  strains  are  shown:  two  for  the 
hydrostatic  compression  (HC)  part  of  the  test,  cr0-e0  and 
oo_To;  and  two  for  the  deviatorlc  part,  to-yo  ar,d  to-eo* 

The  slope  of  the  <jo_£o  curve  Is  three  times  the  bulk  modulus  K 
and  the  slope  of  the  to-yo  curve  Is  two  times  the  shear  modulus 
G.  All  octahedral  stress-strain  results  for  each  specimen  are 
presented  on  the  same  graph  for  convenience.  To  prevent  any 
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4.44.  Octahedral  Stress-Strain  Results. 
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.46.  Octahedral  Stress-Strain  Results. 


Fig.  4.47.  Octahedral  Stress-Strain  Results. 


Fig.  4.48.  Octahedral  Stress-Strain  Results. 
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Fig.  4.51.  Octahedral  Stress-Strain  Results. 


Fig.  4.55.  Octahedral  Stress-Strain  Results. 
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Fig.  4.61.  Octahedral  Stress-Strain  Resul 


Fig.  4.62.  Octahedral  Stress-Strain  Results. 


Fig.  4.63.  Octahedral  Stress-Strain  Results. 


rs 

ts 

IS 


* 

Z 

cc 

QZ 
I — 

in 


Cl  5)1)  553815 


Fig.  4.65.  Octahedral  Stress-Strain  Results. 


Fig.  4.67.  Octahedral  Stress-Strain  Result 
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Fig.  4.71.  Octahedral  Stress-Strain  Summary  Results. 
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confusion,  an  explanation  of  this  presentation  follows.  During  HC, 


the  only  stress  Involved  Is  the  hydrostatic  stress,  or  the 
octahedral  normal  stress  ao’,  the  octahedral  shear  stress  to  Is 
zero.  Obviously,  octahedral  normal  strain  eo  (one  third  of  the 
volumetric  strain)  Is  developed  during  HC,  and  If  the  material  is 
not  Isotropic,  shear  distortion  will  occur  even  for  HC.  In  other 
words,  there  Is  a  coupling  between  octahedral  shear  strain  y0  and 
hydrostatic  stress  cr0.  Therefore,  two  stress-strain  curves  result 
for  HC:  <j0-e0  an<*  oo“Yo*  Once  HC  is  completed,  monotonic 
deviation  from  the  hydrostatic  axis  occurs  along  an  octahedral 
plane,  l.e.,  at  constant  a0.  The  only  stress  that  changes  Is 
tq«  This  time,  shear  distortion  y0  obviously  occurs  in  the 
presence  of  shear  stress  t0.  Analogous  to  HC,  a  coupling  occurs 
between  volumetric  behavior  e0  and  shear  deviation  x0. 

Therefore,  two  stress-strai n  curves  result  for  shear  deviation  at 
constant  a0:  t0-yo  and  to~Eo*  The  to-Yo  curve  starts 
at  zero  stress  but  at  the  strain  y0  where  HC  ended,  i.e.,  the 
strain  where  the  oo-yo  curve  ended.  Likewise,  the  tq-e0 
curve  does  not  start  at  the  origin  either.  It  starts  at  zero  stress 
as  well  but  at  the  strain  e0  where  HC  ended,  i.e.,  the  final 
strain  of  the  o0-e0  curve  for  pure  HC.  In  reality,  for  the 
stress  paths  employed  here,  the  a0-e0  and  a0-y0  curves 
continue  past  HC  but  become  horizontal  when  the  HC  part  of  the  test 
Is  completed,  I.e.,  when  o0  Is  constant.  Therefore,  these  curves 
are  shown  for  HC  only. 
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As  In  the  principal  stress-strain  curves,  three  different 
strain  scales  were  used  for  presenting  the  results.  However,  all 
tests  conducted  on  the  same  octahedral  plane  have  the  same  strain 
scale.  The  specimen  number  and/or  loading  condition  (TC,  SS  or  TE) 
and  value  of  aom  (4,  6  or  8  ksl)  are  given  In  each  figure. 

Notice  that  during  HC,  "kinks"  appear  In  some  of  the  a0~y0 
curves.  As  described  In  Section  4.3.1,  these  tests  employed  a 
stepped-loadlng  path  along  the  hydrostatic  axis.  Since  small  cyclic 
shear  stresses  are  Induced  (well  within  the  elastic  range),  changes 
In  shear  strains  y0  will  result.  Section  4.3.3  gives  full  details 
of  this  stepped-! oading  procedure. 

For  discussion  purposes,  the  octahedral  stress-strain  behavior 
Is  separated  into  two  parts:  hydrostatic  and  deviatoric.  The 
behavior  corresponding  to  these  two  different  parts  is  described 
below. 


4. 3. 2.1  Hydrostatic  Compression  (HC) 

Oo_E0 

Fig.  4.78  summarizes  the  volumetric  behavior  during  HC  of  all 
the  tests  conducted.  The  results  are  shown  as  the  solid  lines.  The 
dashed  line  is  the  overall  calculated  average  for  the  a0-e o 
response.  The  Initial  bulk  modulus  (KQ)of  this  average  response 
is  1433  ksl  (neglecting  the  flatter  portion  of  the  curve  between  0 
and  500  psl).  This  Initial  flatter  portion  Is  the  behavior  of  the 
test  apparatus  (bolt  slip,  seating  of  the  sealing  system,  etc.) 
measured  during  the  first  few  small  load  steps,  and  is  not  material 
behavior. 
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Some  specimens  exhibit  a  much  stlffer  volumetric  behavior  than 
others  during  HC;  however,  the  response  of  all  the  specimens  is  only 
slightly  nonlinear,  with  the  final  slope  being  about  one-half  the 
initial  slope.  Figs  4.79  and  4.80  show  the  variation  In  the  tangent 
bulk  modulus  (Ky)  for  Increasing  oo  and  eo  respectively.  The 
scatter  present  In  Fig.  4.78  shows  up  again  In  these  two  figures, 
especially  Fig.  4.79.  Notice  however,  on  the  whole,  the  nearly 
linearly  decreasing  relationship  between  Ky  and  cr0,  whereas  a 
more  nonlinear  relationship  between  Ky  and  eo  exists.  Notice 
also  in  Fig.  4.80,  the  initial  rapid  decrease  in  Ky  for  increasing 
e0.  then  the  much  slower  decrease,  enventually  becoming  constant 
(but  greater  than  zero)  for  larger  values  of  e0.  In  both  figures, 
the  dashed  line  represents  the  average  response. 

The  scatter  seen  in  the  volumetric  response  (cr0-e0)  during 
HC,  shown  in  Fig.  4.78,  contributes  to  the  differences  in  starting 
points  of  the  t0-eo  curves  presented  in  Figs.  4.69-4.77,  thereby 
making  this  coupling  behavior  appear  to  have  more  variation  than  it 
actually  does.  This  will  be  discussed  further  in  a  later  section. 

qO~Y  0 

If  shear  strains  (y0)  are  developed  during  HC,  the  material 
is  not  completely  isotropic.  The  ao-yo  curves  shown  in  Figs. 
4.41-4.77  demonstrate  the  degree  of  anisotropy  in  the  SFRC.  Notice 
that  in  some  of  the  ao-yo  curves,  an  initial  flatter  portion 
exists  for  the  first  few  load  steps  between,  say,  0  and  500  psi, 
then  the  curves  become  very  steep  with  very  large  slopes.  Again,  as 
previously  discussed,  this  is  apparatus  and  not  material  behavior. 
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The  coupling  between  <j0  and  y0  very  slight,  and  the 
shear  strains  (y0)  developed  during  HC  are  about  an  order  of 
magnitude  less  than  the  normal  strains  (e0)  when  examining  the 
behavior  of  each  test  separately.  Therefore,  one  could  safely 
assume  Isotropy  exists  for  this  material  and  neglect  the  coupling 
betvw  en  <j0  and  Yo  as  *s  done  when  dealing  with  and  defining 
failure  criteria  for  concrete  materials.  Therefore  no  average 
results  of  the  <j0_Yo  behavior  are  presented. 

Analogous  to  the  a0-e0  case,  the  scatter  seen  in  the 
<j0-yo  behavior,  shown  In  the  summary  curves  (Figs.  4.69-4.77), 

Is  the  reason  for  the  differences  In  starting  points  of  the 
t0-yo  summary  curves  shown  In  the  same  figures,  compounding  the 
scatter  that  appears  In  the  t<j-yo  results. 

A. 3. 2. 2  Shear  Deviation 
TQ~Y  0 

Individual  and  summary  results  are  shown  In  Figs.  4.41-4.77. 
From  these,  average  x0-Yo  behavior  was  calculated  and  the 
results  are  presented  in: 

1)  Figs.  4.81-4.83  for  different  stress  paths  (TC,SS,TE); 
same  confining  pressure  (<j0). 

2)  Figs.  4.84-4.86  for  the  same  stress  path;  different 
confining  pressures  (o0  *  8,6,4  ksi). 

Only  the  average  results  are  shown  In  these  different  comparative 

forms  (In  contrast  to  presenting  all  results)  for  neatness  and  to 

avoid  confusion  if  all  results  were  shown.  As  previously  mentioned, 

the  Initial  difference  In  starting  points,  i.e.  y0  *  0,  is  due  to 

the  small  shear  strains  developed  during  HC  and  shown  In  the 
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Fig.  4.85.  Average  Octahedral  Shear  Stress-Strain  Results. 
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0O-yo  results.  If  these  average  to~yo  curves  were  shifted 
to  a  common  origin,  slightly  less  scatter  would  appear.  However, 
the  offset  of  these  curves  Is  only  slight,  therefore  It  was  felt 
unnecessary  to  force  them  to  a  common  origin. 

In  the  two  lowest  confining  pressure  tests  (a0  *  6  and  4  ksl) 
the  Initial  average  -c0"Yo  response  shown  In  Figs.  4.82  and 
4.83,  regardless  of  the  stress  path.  Is  nearly  Identical.  On  the 
other  hand,  in  the  tests  employing  the  highest  confining  pressure 
( cj0  =  8  ksl),  shown  In  Fig.  4.81,  the  t0-yo  response  for  the 
TE  stress  path  exhibits  the  stiffest  Initial  behavior,  followed  by 
the  SS  path,  then  the  TC  path  where  softer  Initial  behavior 
appears.  Notice  In  these  three  figures,  that  in  all  the  tests 
regardless  of  the  confining  pressure  (o0),  the  TE  shear  behavior 
Is  the  most  elastic-perfectly  plastic,  followed  by  the  SS  tests  and 
finally  the  TC  where  the  most  nonlinearity  and  much  more  ductility 
exists.  In  other  words,  these  results  demonstrate  that  the 
octahedral  shear  stress-octahedral  shear  strain  behavior  and  shear 
strength  are  strongly  stress  path  dependent. 

Figs.  4.84-4.86  show  the  comparison  of  the  average  to~Yo 
results  for  the  tests  employing  the  same  stress  path  but  at 
different  confining  pressures.  The  shape  of  these  curves  in  the 
Initial  stages  Is  also  very  similar.  Obviously,  tests  along  the 
same  stress  path  but  at  higher  confining  pressures  exhibit  more 
ductility  In  comparison  to  tests  where  cr0  fs  lower.  That  Is  to 
say,  the  shear  stress-shear  strain  behavior  and  shear  strength  are 
also  strongly  dependent  on  the  confining  pressure  (o0).  After 


all,  the  failure  envelope  for  any  concrete  does  not  have  the 
Von-Mises  cylindrical  shape. 
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Figs.  4.87-4.88  show  the  variation  In  the  tangent  shear  modulus 
(Gy)  for  Increasing  to  and  y0  respectively.  A  large  amount  of 
scatter  Is  present  In  both  these  figures  because  of  the  stress  path 
and  confining  pressure  dependency  on  the  shear  behavior,  as 
discussed  above.  Therefore,  for  discussion  purposes,  average 
Gy-xo  results  are  presented  In: 

1)  Figs.  4.89-4.91  for  different  stress  paths  (TC,  SS,  TE); 
same  confining  pressure. 

2)  Figs.  4.92-4.94  for  the  same  stress  path;  different 
confining  pressures  (oo  =  8,  6,  4  ksi). 

Average  Gy-y0  results  are  shown  In: 

1)  Figs  4.95-4.97  for  different  stress  paths;  same 
confining  pressure. 

2)  Figs.  4.98-4.100  for  the  same  stress  path;  different 
confining  pressures. 

Obviously,  the  shape  of  the  Gy-x0  and  Gy-y0  curves  Is 
dictated  by  the  t0-yo  behavior. 

As  previously  discussed  regarding  the  t0-yo  behavior,  the 
shape  of  the  Gy-x0  and  Gy-y0  curves  in  the  initial  stages  of 
the  comparisons  with  the  two  lowest  confining  pressures,  regardless 
of  the  stress  path.  Is  very  similar  (Figs.  4.90,  4.91;  4.96,  4.97). 
The  comparison  of  results  for  the  highest  confining  pressure.  Figs. 
4.89  and  4.95  for  Gy-x0  and  Gy-y0  respectively,  show  the 
stlffest  to  softest  Initial  behavior  occurring  In  the  order  of  TE, 

SS  and  TC.  Notice  again  that  in  all  the  comparisons,  regardless  of 
confining  pressure,  the  Gy-xo  and  GT"To  curves  for  the  TC 
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tests  exhibit  the  slowest  decreasing  or  flattest  behavior,  followed 
by  the  SS,  then  the  TE  tests  where  the  steepest,  fastest  decreasing 
behavior  exists.  Notice  also  when  comparing  the  Gj-xo  and 
Gt-yo  results  for  the  different  stress  paths,  constant  confining 
pressure,  that  for  zero  tangent  shear  modulus  (l.e.,  peak  of  the 
t0-yo  curve),  the  shear  stresses  (t0)  and  shear  strains  (yo) 
are  largest  for  the  TC  tests  and  least  for  the  TE  tests.  Indicating 
higher  shear  strengths  and  more  ductility  In  shear  occur  when  tests 
are  conducted  along  the  TC  stress  path.  Examination  of  these  curves 
with  their  respective  xo-yo  average  results  makes  this  behavior 
very  clear. 

In  Figs.  4.92-4.94  and  4.98-4.100,  comparisons  of  Gy-xo  and 
Gt-yo  results  are  made  for  varying  confining  pressures  with 
Identical  stress  paths.  The  shape  of  the  curves  In  the  Initial 
stages  Is  similar,  as  one  would  expect.  Obviously,  for  zero  tangent 
shear  modulus,  the  shear  stresses  and  shear  strains  are  largest  for 
the  highest  confining  pressures,  and  smallest  for  the  lowest 
confining  pressures. 

In  summary,  as  In  the  xo-yo  discussion  of  average  results, 
the  dependency  on  stress  path  and  confining  pressure  appears  again 
In  the  Gj-x0  behavior  and  Gt-yo  behavior. 

To~eo 

Individual  and  summary  results  of  xo-eo  behavior  are  shown 
In  Figs.  4.41-4.77.  From  these,  average  xo-eo  behavior  was 
calculated  and  the  comparative  results  are  presented  In: 
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1)  Figs.  4.101-4.103  for  different  stress  paths 
(TC,  SS,  TE);  same  confining  pressure  (<j0). 

2)  Figs.  4.104-4.106  for  the  same  stress  path;  different 
confining  pressures  (cr0  =  8,6,4  ksl). 

None  of  the  xo“eo  response  curves  shown  In  Figs.  4.69-4.77  have 

a  common  origin  because  of  the  scatter  occurring  In  the  volumetric 

response  (c0-eo)  during  HC,  shown  In  the  same  figures  and  better 

seen  In  Fig.  4.78.  Therefore,  for  discussion  purposes,  the  average 

T0-e0  results  have  been  shifted  to  a  common  origin. 

Notice  the  very  linear  behavior  occurring  In  these  curves  until 
just  prior  to  dilation  (transition  from  volume  contraction  to 
expansion)  when  deviation  from  linearity  occurs.  Because  of  this 
nearly  linear  behavior,  no  plots  of  the  xo-eo  slope  vs.  shear 
stress  (x0)  or  normal  strain  (e<j)  are  shown  as  was  done  for  the 
x0-y0  results. 

The  slopes  of  these  x0-e0  curves  are  on  the  order  of  5000 
ksl  and  up,  much  higher  than  one  sees  for  K  or  G,  simply  because  of 
the  small  volumetric  strains  resulting  from  shear  distortion.  Even 
though  the  slopes  are  large  and  the  coupling  between  to  and  e0 
Is  secondary  In  comparison  to  that  seen  in  the  a0-eo  behavior 
and  the  t0-yo  behavior,  the  effect  of  volume  change  during  shear 
distortion  cannot  and  should  not  be  neglected  If  one  Is  to  develop 
an  accurate  constitutive  model  to  predict  the  behavior  of  this  SFRC 
or  any  concrete  for  that  matter  because  the  to-eo  coupling  Is  a 
phenomenon  of  behavior,  l.e.  volume  change  during  shear  distortion. 
In  contrast,  the  secondary  or  tertiary  coupling  between  (j0  and 
yo  can  safely  be  neglected  because  this  behavior  Is  due  only  to 
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slight  anisotropy  present  In  a  material  that  was  Initially  Intended 


to  be  Isotropic  and  was  by  no  means  cast  to  create  anisotropy. 

In  Figs.  4.101-4.106  one  can  see  that  the  to-co  behavior  Is 
a  function  of  the  stress  path  and  confining  pressure.  The  stlffest 
to  least  stiff  behavior  occurs  In  the  order  of  SS,  TC  and  TE  for  the 
two  highest  confining  pressures,  l.e.,  oo  ■  8,  and  6  ksl  (Figs. 

4.101  and  4.102).  The  TE  tests  exhibit  the  most  volumetric  change 
from  shear  distortion,  which  makes  sense  considering  that  this  type 
of  test  is  an  "extension"  test  from  an  initial  hydrostatic  stress 
state.  Along  the  same  line,  one  would  expect  the  TC  tests  to 
possess  the  stlffest  coupling  behavior  since  It  Is  a  "compression" 
test.  However,  Figs.  4.101  and  4.102  show  this  not  to  be  the  case. 
The  only  conclusion  for  this  SS,  TC,  TE  stiff  to  soft  behavior 
instead  of  TC,  SS,  TE  is  scatter  in  all  the  stress-strain  results 
producing  averages  that  appear  In  the  order  shown  In  the  figures. 

It  Is  interesting  to  note  In  Fig.  4.103  that  for  the  lowest 
confining  pressure  tests  where  ao  =  4  ksl,  the  average  behavior  in 
the  Initial  stages  Is  nearly  the  same,  regardless  of  the  stress 
path,  of  course,  until  dilation  occurs,  indicating  that  the  Initial 
xo-eo  behavior  Is  stress  path  Independent  for  low  confining 
pressures.  Dilation  occurs  at  different  levels  of  to  in  all  the 
tests  simply  because  the  total  behavior  is  not  independent  of  the 
stress  path  or  confining  pressure. 

Figs.  4.104-4.106  show  that  for  the  same  stress  path,  the 
t0-eo  behavior  Is  a  function  of  confining  pressure,  l.e.  more 
volumetric  change  during  shear  distortion  occurs  at  higher  levels  of 
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confinement.  Note  In  Figs.  4.104  and  4.105,  that  the  differences  In 
this  behavior  for  the  TC  and  SS  tests  Is  not  as  great  as  for  the  TE 
tests  (Fig.  4.106).  In  other  words,  the  effect  of  confining 
pressure  Is  felt  the  most  for  specimens  sheared  along  the  TE  stress 
path. 

Examination  of  all  the  figures  showing  the  To-eo  behavior 
leads  to  the  conclusion  that  In  situations  where  confining  pressures 
are  small,  say  less  than  4  ksl,  the  coupling  between  to  and  eo 
Is  slight  and  could  be  neglected. 

Mention  has  been  made  throughout  the  preceding  discussions 
regarding  dilation  of  the  specimens.  This  Is  an  Important  point  In 
the  stress-strain  behavior  because  for  this  study,  the  stress  state 
at  which  dilation  occurred  was  defined  as  failure.  Discussion  of 
this  Is  given  In  the  section  on  strength,  l.e.  Section  4.3.4. 
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4.3.3  Method  for  Determination  of  Elastic  Material  Constants 
Linear  elastic  constitutive  models  are  used  widely  to 
approximate  the  behavior  of  many  different  engineering  materials. 

In  the  form  of  Hooke's  law,  they  state  that  there  exists  a  linear 
relationship  between  strains  (e)  and  stresses  (a).  The  most  general 
form  of  Hooke's  law  is 


Ei  -  Ci j  oj  (l.j  =  1,2,  ...  6)  (4.2) 

where  the  compliance  matrix  C^j  contains  36  Independent  terms  for 
linear  material  behavior.  Elastic  behavior,  creating  symmetry  of 
C-| j ,  reduces  the  number  of  independent  constants  to  21  for  a 
general  linear  elastic,  anisotropic  material.  Further  reductions  in 
the  number  of  Independent  constants  can  occur  when  a  material 
possesses  certain  planes  or  axes  of  symmetry.  A  material  possessing 
symmetry  about  three  orthogonal  planes  is  termed  orthotropic.  A 
total  of  9  constants  remains  In  the  compliance  matrix  C-j j . 

Eq.  4.2  becomes: 


(4.3) 


C 1 2  =  C21 

Cl  3  =  C31 

^23  =  C32  • 


where 
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Rewriting  Eqs.  4.3  In  terms  of  the  more  familiar  shear  strains  (y) 
and  shear  stresses  (t)  gives: 
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The  compliance  matrix  Cjj  for  orthotropic  materials,  when 
expressed  In  terms  of  Young's  moduli  E,  Poisson's  ratio  v,  and  the 
shear  moduli  G  becomes: 


(4.5) 


where 
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=  Young's  modulus  In  the  1 -direction. 
v.j j  =  Poisson's  ratio  for  strain  In  the  i-dlrectlon 
(e^)  divided  by  strain  in  the  j -direction  Uj) 
when  stressed  In  the  j -direction  (oj)»  1*e*» 


v 

6 


jj  = - (for  a=ai ) 

1j  Ej  J 

^  =  shear  modulus  In  the  1-j  plane. 


Symmetry  about  the  diagonal  requires  that: 


(1,j  =  1,2,3)  . 


v1j  vji 

W  =*T 

A  material  may  also  have  symmetry  about  an  axis.  Say  for  example. 


the  material  has  equivalent  properties  In  the  1-2  principal  plane, 
i.e.,  the  material  Is  symmetric  about  the  3-axls.  The  resulting 
number  of  Independent  material  constants  required  to  represent  this 
material  Is  5  and  the  material  is  termed  transversely  isotropic.  The 
resulting  compliance  matrix  is: 


c1j  = 


C11 

C 1 2 

C13  j 

C 1 2 

Cll 

r  t 

C1 3  1 

1 

0 

C13 

C13 

C33  ! 

J  C44 

0 

0 

(4.6) 
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where  Cgg  =  -  Ci2* 


In  terms  of  E,  v  and  G,  the  transversely  Isotropic  compliance  matrix 
becomes : 


A  material  Is  Isotropic  when  It  possesses  symmetry  about  all 
axes  and  all  planes.  The  material  compliance  matrix  Is  then 
completely  defined  by  only  2  Independent  constants,  resulting  In: 
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where  C44  =  ^ii*  ^12  * 


291 


(4.8) 


In  terms  of  E,  v  and  G,  Eq.  4.8  reduces  to  the  very  familiar  form 
for  a  linearly  elastic,  isotropic  material: 
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1  -v 

F  T 

-v  1 

T  T 

-V  -V 

*T  T 
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0 

1 

0 


0 

0 
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(4.9) 


"here  G  *  OT+vT 

The  cubical  test  cell  described  in  Chapter  2  has  the  capability 
of  applying  three  independent  principal  stresses  to  4  in.  cubical 
specimens.  No  shear  stresses  can  be  applied.  Also,  the  principal 
directions  (1,2  and  3)  for  hydrostatic  loading  are  synonymous  with 
the  material  axes  (x,y  and  z).  Therefore,  the  stress-strain 
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relations  from  Eqs.  4.3,  written  In  x,  y  and  z  terms  and  represented 
In  Incremental  form  become: 


(4.10) 


It  Is  clear  from  these  equations  that  In  the  general  case  with  nine 
unknown  compliance  terms,  any  simultaneous  change  In  more  than  one 
of  the  applied  stress  Increments  would  result  In  an  Indeterminant 
system  of  equations.  However,  by  superimposing  only  a  uniaxial 
compressive  stress  Increment  on  an  existing  stress  state,  and 
measuring  the  resulting  strain  Increments,  each  equation  In 
Eqs.  4.10  will  contain  only  one  unknown  compliance  value  on  the 
right  hand  side.  For  a cx*  0  and  Aoy=  Acz=  0,  the  result  Is: 
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Thus  all  nine  principal  compliances  can  be  determined. 
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In  seven  of  the  final  series'  tests,  the  stress  path  shown  In 
Fig.  4.107  was  employed  to  determine  the  elastic  constants  of  the 
CU-SFRC.  The  uniaxial  compressive  stress  Increments,  first  Aox, 
then  Aoy  followed  by  a az  were  superimposed  on  an  Initial 
hydrostatic  stress  state.  One  cycle  (a<jx,  Aoy,  Aaz)  returned 
the  stress  state  back  to  the  hydrostatic  axis.  The  a ax  Increment 
allowed  determination  of  the  first  column  of  the  compliance  matrix 
for  that  cycle.  The  Aay  increment  made  possible  calculation  of 
the  second  column  and  the  Acr*,  the  third  column.  See  Eqs. 

4.11-4.13.  In  all  seven  of  the  tests,  at  least  three  of  these 
cycles  were  performed,  consequently  at  least  three  compliance 
matrices  were  determined  for  each  specimen.  After  all  the  cycles 
had  been  completed,  the  specimen  was  then  loaded,  as  all  others 
were,  to  the  prescribed  level  of  hydrostatic  stress  followed  by 
monotonic  shear  deviation  In  an  octahedral  plane.  The  shear 
stresses  induced  during  this  stepped-hydrostatic  loading  were 
sufficiently  small  to  remain  In  the  elastic  range  of  the  SFRC, 
therefore  no  material  degradation  existed  and  the  same  specimens 
were  used  with  confidence  for  the  remainder  of  the  test. 

From  the  three  or  more  compliance  matrices  determined  for  each 
specimen,  average  values  were  calculated  and  are  listed  in  TABLE 
4.2  along  with  the  corresponding  specimen  numbers.  Before  the 
averages  were  calculated,  the  compliance  values  were  examined  and 
any  values  of  opposite  sign  to  that  expected  were  eliminated  from 
the  sample.  The  mean  was  then  calculated  from  the  remainder  of  the 
values.  Notice  tnat  no  Cyz  (i.e.  C2 3 )  values  are  given  for  the 
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Fig.  4.107.  Stress  Path  Along  Hydrostatic  Axis  Used 
to  Determine  the  Elastic  Constants. 
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specimens  F1C5  or  F1C1.  In  these  two,  all  values  were  positive  and 
therefore  eliminated.  Listed  in  TABLE  4.3  is  the  overall  average 
compliance  matrix  calculated  by  taking  the  weighted  average  of  the 
compliance  values  for  all  seven  specimens.  Notice  it  Is  nearly 
symmetric.  Since  the  specimens  were  cast  into  the  molds  and 
vibrated  under  gravity  forces  acting  in  the  z-dl recti  on,  one  might 
expect  transverse  isotropy  about  the  z-axls  to  exist  in  the  test 
specimens.  In  other  words,  the  x-y  plane  is  the  plane  of  isotropy. 
By  forcing  the  compliance  matrix  to  take  the  form  shown  in  Eq.  4.6, 
where  there  is  symmetry  about  the  diagonal  and  in  the  x-y  plane,  and 
calculating  the  compliances  from  the  weighted  mean  of  all  values  In 
the  sample,  the  following  compliance  matrix  is  obtained  if  the  SFRC 
is  assumed  to  be  tranversely  isotropic  about  the  z-axis: 

Transverse  Isotropy 


[C]  - 


4.1414  -0.2080  -0.2375 

-  0.2080  4.1414  -0.2375 

-  0.2375  -0.2375  3.7777 


*  10-7  psi 


i-i 


From  Eq.  4.7,  the  elastic  constants  are: 

Ex  =  Ey  =  2415  ksi 


=  2647  ksi 
vyX  =  0.0502 


vxy 

vzx  =  vzy  =  0.0573 


vxz  =  vyz  =  0.0629  • 

If  one  assumes  complete  Isotropy,  the  compliance  matrix  takes 
the  form  shown  in  Eq.  4.8  where  complete  symmetry  about  the  diagonal 


exists.  Forcing  the  numerical  compliances  In  the  sample  to  take 
this  form  by  calculating  the  mean  values  based  on  that  assumption, 
the  following  compliance  matrix  Is  obtained  If  Isotropy  Is  assumed: 

Isotropic 


4.0202 

-0.2285 

-0.2285 

[C]  = 

-0.2285 

4.0202 

-0.2285 

*  10”7  psi 

-0.2285 

-0.2285 

4.0202 

— 

From  Eq.  4.9,  the  elastic 

constants 

become : 

E  = 

2487  ksi 

V  = 

0.0568 

Bulk  Modulus  K  = 

E 

'  3TT-Z7)' 

=  936  ksi 

Shear  Modulus  6 

E 

=  1177  ksi. 

Notice  the  large  differences  between  Young's  Modulus  E  obtained 
In  this  manner  and  the  average  E  measured  from  the  stress-strain 
curves  of  3x6  In.  cylinders  tested  in  unconfined  compression 
(3720  ksi ;  TABLE  4.1).  (Poisson's  Ratio  v  was  not  measured  for  the 
cylinders).  Some  of  the  difference  can  be  attributed  to  different 
specimen  types,  boundary  effects  and  test  conditions.  Another 
reason  Is  that  the  E  calculated  from  tests  conducted  in  the  cubical 
device  Is  an  average  E  over  the  range  of  tests  employing  the 
stepped-loadlng,  resulting  perhaps  In  a  slightly  lower  than  actual 
modulus  simply  because  the  stress-strain  response  during  HC  Is  not 
perfectly  linear.  In  addition  to  that,  some  error  could  have  arisen 
from  the  Inability  to  keep  the  change  In  the  Intermediate  and  minor 
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principal  stresses  during  the  stepped-! oadlng  exactly  equal  to  zero 


since  the  high  pressure  guages  are  only  calibrated  every  25  psi. 
Also,  since  the  step  sizes  In  this  loading  method  were  small  (at 
most  1000  psi),  only  small  strain  changes  would  develop.  Therefore 
when  taking  the  difference  in  strains  between  two  successive  steps, 
any  error  In  the  deformation  measuring  system,  perhaps  due  to 
electronic  drift  or  pressure  sensitivity,  would  induce  large  errors 
In  the  calculated  stiffnesses  or  compliances  resulting  In  values 
different  than  one  might  expect,  for  instance,  positive  compliances 
when  negative  ones  should  occur.  But  what  are  the  expected  values? 
One  can  only  say  that  the  values  of  E  and  v  and  consequently  K  and 
G,  calculated  from  the  stepped-loading  on  cubical  specimens, 
assuming  isotropy,  are  low  in  comparison  to  the  initial  average 
values  of  K  and  G  seen  in  the  Ky  vs.  a0  and  Gy  vs.  x0  curves 
shown  in  Figs.  4.79  and  4.87  which  result  from  cubical  tests  as 
well.  Aside  from  any  error  in  the  system,  only  the  loading 
conditions  of  the  two  different  types  of  tests  can  be  blamed  for  the 
differences  seen  in  K  and  G  (or  E  and  v)  since  the  specimen  types 
and  boundary  conditions  are  Identical.  Keep  in  mind  that  the 
Initial  shear  modulus  G  determined  from  the  slope  of  the  t0-Y0 
curves  and  shown  in  Fig.  4.87  is  not  calculated  until  the  HC  part  of 
the  test  is  complete  and  shearing  begins.  However  in  the 
stepped-loading,  K  and  G  are  calculated  directly  from  E  and  v  by 
assuming  the  material  is  linearly  elastic.  It  is  felt  that  the 
Initial  values  of  K  and  G  obtained  from  Figs.  4.79  and  4.87  are  more 
reliable  or  more  accurate  of  the  true  initial  bulk  and  shear  moduli 
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of  the  material  than  are  the  values  of  K  and  G  calculated  from  E  and 
v  obtained  from  the  stepped-loading  tests. 

Making  the  assumption  that  the  SFRC  is  isotropic  Is  a  good  one 
considering  the  fact  that  not  much  shear  strain  (y0)  Is  developed 
during  HC  and  also  that  the  differences  between  the  calculated  E's 
and  v's  for  transverse  Isotropic  and  Isotropic  assumptions  are 
smal 1 . 

If  Isotropy  Is  not  assumed,  then  any  formulation  used  to 
predict  stress-strain  and/or  strength  behavior  based  on  octahedral 
or  Invariant  quantities  cannot  be  used. 

4.3.4  Strength 

The  stress  state  at  which  dilation  occurs  Is  an  important  point 
in  the  stress-strain  behavior  because  different  investigations  might 
define  failure  differently,  resulting  in  inconsistent  failure 
envelopes.  Therefore,  the  definition  of  failure  must  be  clear 
before  proceeding  with  the  presentation  of  failure  or  strength 
results. 

The  points  of  dilation  are  shown  on  some  of  the  t0-eo 
curves  in  Figs.  4.41-4.77  and  also  on  the  ai-ev  curves  in  Figs. 
4.4-4.40,  as  the  point  of  direction  reversal  in  the  to-^o  and/or 
(^-ey  curves  where  the  volumetric  strain  Uv  or  3eo)  begins  to 
decrease  (compression  positive).  Point  A  In  Figs  4.5  and  4.42  are 
examples  for  when  dilation  occurs.  Bleniawski  (23)  studied  the 
mechanism  of  brittle  fracture  of  rocks  In  multi  axial  compression  and 
defines  the  stress  state  at  dilation  as  the  point  of  critical  energy 
release  where  the  onset  of  unstable  fracture  propagation  begins. 
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Since  the  cubical  testing  apparatus  Is  a  stress-controlled 
device,  not  being  as  stiff  as  one  would  like,  some  of  the  specimens 
did  not  dilate  because  of  brittle  failures  occurring  (usually  a 
corner  or  edge  failure).  Therefore  no  failure  stresses  were 
recorded  for  these  specimens.  However,  In  some  of  the  tests,  slight 
increases  In  shear  stress  (x0)  were  applied  beyond  the  point  of 
dilation,  seen  for  example  In  Figs.  4.5  and  4.42,  but  the  percent 
Increase  was  small.  Therefore  to  be  consistent  In  defining  failure, 
the  dilation  point  was  conservatively  chosen  to  be  synonomous  with 
failure.  Based  on  this,  strengths  were  found  and  are  presented 
below.  Of  the  28  specimens  tested,  16  reached  failure.  TABLE  4.4 
lists  the  failure  data  for  these  specimens  and  the  following  figures 
show  the  data  in: 

1)  T0-a0  P1ane  »  Fig-  4.108 

2)  Octahedral  or  Deviatoric  Plane  ;  Fig.  4.109 

3)  Rendullc  or  Trlaxial  Plane  ;  Fig.  4.110. 

Notice  in  TABLE  4.4  (also  shown  In  Fig.  2.32)  that  the  x,y,z 
directions  of  the  specimens  do  not  always  correspond  to  the  1,2,3 
principal  directions.  For  the  TC  and  SS  tests,  az,  ax  and  ®y 
correspond  to  ai ,  02 »  and  03  respectively.  The  reason  for  the 
differences  is  to  be  consistent  with  the  sign  convention  employed  In 
the  conventional  cylindrical  trlaxial  test  for  the  TC  and  TE  paths. 
The  SS  path  Is  not  possible  In  conventional  trlaxial  tests, 
therefore  the  SS  sign  convention  was  arbitrarily  chosen  to  be  the 
same  as  the  TC's.  For  the  above  reasons,  the  data  presented  In  the 
Rendullc  or  Trlaxial  plane,  shown  in  Fig.  4.110,  Is  plotted  as  a z 
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TABLE  4.4 

FAILURE  OATA  FOR  CU-SFRC 
(COMPRESSIVE  STRESSES  POSITIVE) 


Load  Path 

(Fig.  2.31) 


Spec. 

No. 

°1 

°2 

°3 

(psl) 

(psl) 

_ 

(psl) 

Trf  axial 
Compression 
(TC) 

(0*60°) 


F1B3 


F1D6  17800 


800 

900 

4000 

4000 

4525.48 

4384.06 

2000 

6000 

5656.85 

6929.64 


Trf  axial 
Extension 


F1B2  15000 


3184.33 

2939.38 


4572.38 

4245.78 


5715.47 


4000 

2687.00 

4000 

2687.00 

4000 

2687.00 

4101.21 

3676.95 

6000 

3676.95 

8000 

4949.74 

Jl.'Y 


Fig.  4. 108.  Failure  Data  In  t  -a  Plane. 


yr°x=yr0y  ocso 


Fig.  4.110.  Failure  Data  in  Rendulic  Plane 

With  Best  Fit  Lines  Through  Data. 
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vs.  /2  ox,  /2  <jy  and  not  as  <*!  vs.  /2  <j2»  /2  o3.  The  SS  data  Is 
not  plotted  in  this  figure  simply  because  the  SS  stress  path  does 
not  lie  In  the  Rendullc  plane. 

Several  conclusions  can  be  drawn  from  examination  of  the 
strength  results  shown  in  Figs.  4.108-4.110: 

1)  The  octahedral  shear  strength  of  the  SFRC  specimens  Is 
strongly  dependent  upon  the  stress  path  (e  or  J3). 

In  the  tests  with  constant  hydrostatic  or  confining 
pressure  (a0)»  The  order  of  strength  from  largest  to 
smallest  is  TC,  SS,  TE.  Had  the  strengths  proven  to  be 
Independent  of  the  stress  path,  the  three  lines  through 
the  strength  data  In  Fig.  4.108  would  lie  atop  each 
other  and  a  Drucker-Prager  shaped  envelope  would  have 
resulted. 

2)  There  Is  a  direct  relationship  between  strength  and 
confining  pressure.  Examining  Fig.  4.108  shows  that  in 
the  range  of  confining  pressures  employed  in  this 
study,  the  relationship  between  strength  and  confining 
pressure  Is  linear  for  constant  cr0  stress  paths.  Had 
the  strengths  been  independent  of  confining  pressure, 
the  lines  through  the  data  in  Fig.  4.108  would  be 
horizontal.  Note  that  the  slope  of  the  best  fit  line 
through  the  SS  data  Is  the  greatest,  followed  by  the  TC 
then  the  TE  slopes. 

3)  The  failure  envelopes  In  the  octahedral  planes 

(Fig.  4.109)  are  non-circular,  i.e.  they  depend  on  the 
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stress  path  (e).  Many  researchers,  including  Gerstle, 
et  aK  (51),  have  observed  similar  results  for  plain 
concrete.  See  Fig.  1.13.  Had  the  SFRC  results  proven 
to  be  Independent  of  the  stress  path,  the  failure  data 
would  plot  as  circles  In  the  octahedral  planes.  If  the 
results  had  been  independent  of  hydrostatic  pressure, 
the  failure  envelopes  would  be  identical  for  varying 
hydrostatic  pressure.  With  some  thought  and 
imagination,  one  can  see  that  the  SFRC  failure  surface 
that  will  develop  is  basically  cone-shaped,  having  a 
non-circular  cross-section,  similar  to  the  one  shown  In 
Fig.  1.8.  Any  failure  criteria  used  to  predict  the 
strength  behavior  of  the  SFRC  must  include  the  effects 
of  stress  path  ( © )  and  hydrostatic  pressure  (a0). 

4)  Finally,  through  examination  of  the  data  in  the 

Rendulic  Plane  (Fig.  4.110)  and  in  TABLE  4.4,  one  can 
see  that  if  tests  had  been  conducted  along  the  TE 
stress  path  at  confining  pressures  lower  than  4  ksi , 
they  would  have  ended  before  the  specimens  failed 
because  tensile  stresses  would  have  been  required, 
which  was  impossible  at  the  time  this  research  was 
conducted. 
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CHAPTER  5 

ANALYTICAL  PREDICTIONS  OF  STRENGTH  AND  BEHAVIOR 
5.1  Introduction 

In  this  chapter,  the  constitutive  models  for  predicting  the 
strength  and  behavior  of  the  CU-SFRC  are  presented.  Section  5.2 
discusses  two  strength  models  including  the  Willam-Warnke 
five-parameter  and  Lade  three-parameter  failure  criteria.  Each 
model  is  calibrated  from  the  experimental  data  and  used  to  predict 
the  failure  envelope  of  this  material.  Comparisons  are  made  with 
the  experimentally  determined  results.  In  Section  5.2.3,  a 
parametric  study  is  presented  between  the  two  failure  criteria  where 
they  are  compared  with  one  another  when  calibrated  from  identical 
input  strength  data,  some  of  which  is  from  tests  where  the  specimen 
type  and  boundary  conditions  differ  from  test  to  test.  Then  in 
Section  5.2.4,  by  showing  the  past-failure  plastic  strain  increment 
vectors  superimposed  on  the  failure  envelope,  the  normality  of  the 
data  Is  discussed. 

Section  5.3  deals  with  Gerstle's  "Simple  formulation",  which  is 
the  model  employed  for  predicting  the  stress-strain  behavior  of  the 
material.  It  is  based  on  octahedral  quantities  with  varying 
material  moduli  functions.  The  model  is  calibrated  from  the 
experimental  data  and  comparisons  are  made  with  the  predicted  and 
experimentally  determined  results. 
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5.2  Failure  Criteria 

A  commonly  used  constitutive  model  for  the  compressive 
postfallure  condition  of  concrete  Is  to  assume  that  plastic  yielding 
occurs  when  the  compressive  failure  criterion  is  satisfied  by  the 
stress  state. 

In  general,  the  yield  function  may  be  written  as: 

F  =  F(o1Jt  de^)  £  0  (5.1) 

with  equality  during  yielding  and  negative  during  unloading,  where 

ojj  =  state  of  stress 

p 

deij  *  P'*ast^c  strain  increment. 

With  the  assumption  of  the  normality  principle  and  associated  flow 
rule,  the  Increment  of  plastic  strain  must  be  normal  to  the  yield 
surface;  hence 

d  P  =  dx  (5.2) 

where  dx.  is  the  unknown  hardening  parameter  giving  the  magnitude  of 
the  plastic  strain  increments,  with  the  direction  governed  by  the 
normality  rule.  Following  classical  plasticity  and  solving  for  this 
hardening  parameter  dx.,  leads  to  the  derivation  of  the 

elastic-plastic  constitutive  tensor  used  in  a  stress 

analysis.  Hence 

doij  =  C1jkl  P  dekl  *  (5,3) 

The  elastic-plastic  constitutive  tensor  changes  form  with  respect  to 
the  yield  function  (F)  and  hardening  parameter  (dx.)  selected. 
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The  Von  Mises  yield  criterion  could  be  chosen  with  the  yield 
function  F  defined  as 

F  =  -  k  =  0  (5.4) 

where 

^2D  *  ^  n °1  “°2  )  2  +  (  02  "O3  )  2  +  (  03  “Oj  )  ^  ] 

(5.5) 

_32 
■  1  To 

and  k  is  the  strain  hardening  parameter.  In  principal  stress  space, 
this  yield  criterion  plots  as  a  right  circular  cylinder  centered  on 
the  hydrostatic  axis  as  shown  in  Fig.  5.1.  For  hardening  behavior, 
the  radius  of  the  yield  surface  will  increase  when  the  stress  state 
is  such  that  the  yield  surface  is  reached  as  deformation  occurs. 

Thus  the  dependence  on  the  parameter  k.  This  criterion  is  seen  to 
be  independent  of  hydrostatic  pressure  as  well  as  shear  stress 
distribution.  The  yielding  of  metals  is  described  fairly  well  by 
the  Von  Mises  criterion.  However,  for  a  material  such  as  concrete, 
the  yield  or  failure  strength  shows  a  dependence  on  and  J3 
(or  oq  and  e;  Section  4.3.4)  implying  that  the  Von  Mises  criterion 
would  not  be  valid  for  representing  the  strength  of  concrete 
materi  als. 

A  better  approximation  to  the  yielding  of  concrete  would  be  the 
Drucker-Prager  or  extended  Von  Mises  yield  criterion  which  forms  a 
right  circular  cone  in  principal  stress  space,  centered  on  the 
hydrostatic  axis  as  shown  in  Fig.  5.2.  The  Drucker-Prager  yield 
function  F  may  be  expressed  as 


Hydrostatic  Axis 


Fig.  5.2.  Drucker-Prager  Failure  Surface 
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F  =  -  aJj  -  k  =  0  (5.6) 

where 

Jj  =  ai  +  a2  +  a3  (5 .7) 

=  3o0 

with  given  by  Eq.  5.5.  Note  that  this  yield  function  reduces  to 
the  Von  Mlses  cylinder  for  a  =  0  (purely  cohesive  materials). 

As  shown  on  the  failure  surface,  the  Drucker-Prager  criterion 
does  Include  the  effect  of  hydrostatic  pressure.  However,  as  In  the 
Von  Mlses  criterion,  the  dependence  on  J3  (or  9)  Is  not 
Incorporated.  This  can  be  seen  In  the  octahedral  plane  because 
the  Drucker-Prager  surface  plots  as  a  circle. 

The  Drucker-Prager  failure  criterion  is  more  realistic  than  the 
Von  Mlses  criterion  for  describing  the  failure  of  plain  concrete  and 
SFRC.  However,  It  Is  still  deficient  In  many  facets.  As  shown  in 
Section  4.3.4,  the  SFRC  exhibits  a  strong  stress  path  as  well  as 
confining  pressure  dependency  governing  failure.  In  the  octahedral 
plane  for  Instance,  the  failure  envelope  Is  definitely  non-circular 
(Fig.  4.109).  Therefore  any  criterion  used  to  predict  the  failure 
of  this  material  cannot  neglect  the  dependence  on  and  J3 
(o  and  0)  as  Is  done  In  the  Von  Mlses  criterion  or  simply  J_  as  in 

0  <3 

the  Drucker-Prager  criterion. 

Other  failure  criteria  have  been  developed  for  concrete-type 
materials  that  do  Incorporate  stress  path  and  confining  pressure 
dependency;  two  of  which  are  of  particular  Interest  In  fitting  the 
experimental  data  obtained.  They  are: 
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1)  Willam-Warnke  failure  criterion  discussed  In 
Section  5.2.1. 

2)  Lade  failure  criterion  discussed  In  Section  5.2.2. 

Note  here  that  the  terms  yield  and  failure  have  been  used 

Interchangeably  up  to  this  point.  If  a  material  Is  assumed  to 
behave  or  does  behave  as  an  Ideally  plastic  material,  i.e., 
associated  flow  and  the  normality  principle  hold,  then  yield  and 
failure  describe  the  same  state.  For  hardening  materials  however, 
failure  represents  the  ultimate  strength  state  whereas  yield 
describes  irreversible  deformation. 

The  point  of  the  previous  discussion  was  to  show  that  even  if 
the  SFRC  were  to  behave  as  an  ideally  plastic  material,  simple  yield 
or  failure  functions  like  those  employed  in  the  Von  Mises  and 
Drucker-Prager  criteria  are  insufficient  for  describing  the  true 
shape  of  the  SFRC  failure  surface  obtained  experimentally. 

The  validity  of  the  normality  flow  rule  for  the  post  failure 
condition  in  the  compressive  regime  of  the  SFRC  is  tested  in  Section 
5.2.4.  There  the  plastic  strain  increment  vectors  at  failure  are 
calculated  and  shown  on  various  failure  envelope  sections. 

5.2.1  Willam-Warnke  Five-Parameter  Failure  Criterion. 

The  following  is  a  mathematical  model  developed  by  Wiliam  and 
Warnke  (134)  for  the  tri axial  failure  surface  of  concrete  type 
materials.  The  failure  envelope  is  fully  described  in  principal 
stress  space,  assuming  isotropic  material  behavior.  It  is  basically 
a  cone  with  curved  meridians  and  a  non-circular  section  as  shown  in 
Fig.  1.8.  Since  isotropic  material  behavior  is  assumed,  only  a 


4 
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sextant  of  the  principal  stress  space  need  be  considered  for  the 

mathematical  model;  the  rest  will  be  symmetric.  The  surface  Is 

represented  by  hydrostatic  and  deviatoric  sections.  The  hydrostatic 

section  forms  a  meridlanal  plane,  containing  the  hydrostatic  axis  as 

an  axis  of  revolution.  It  can  be  represented  in  %  -a  stress 

oo 

space  as  shown  In  Fig.  5.3  where  the  hydrostatic  axis  lies  along  the 
abscissa.  The  deviatoric  section  lies  in  a  plane  perpendicular  to 
the  hydrostatic  axis,  described  by  the  polar  coordinates  r  and  e  as 
shown  in  Fig.  5.4. 

The  Willam-Warnlte  five-parameter  model  differs  from  their 
previous  three-parameter  model  (134)  In  that  it  employs  curved 
meridians  in  the  hydrostatic  section  to  accommodate  low  as  well  as 
high  compression  regimes,  i.e.,  for  hydrostatic  stress  states  high 
in  comparison  to  the  uniaxial  strength  of  the  material 
(a0/fcu  =  5  >  The  three  parameter  model  (not  discussed  here) 
uses  straight  meridians  to  represent  failure  results  In  the  xQ  -  aQ 
plane. 

The  failure  surface  function  F(o)  for  the  five-parameter  model 
is  defined  as: 


<?o  » 
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Fig.  5.3.  t  -  aQ  or  Hydrostatic  Section  of  Proposed 
Willam-Warnke  Failure  Surface. 


TC  (0=60°) 


Fig.  5.4.  Deviatoric  or  Octahedral  Section  of 

Proposed  Willam-Warnke  Failure  Surface. 
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and 


t  =  average  shear  stress 

d 


=  ^^[(oi-C2)2  +  (fl2“CJ3)2  +  (03-ai)2]1/2  (5.10) 


fcu  =  uniaxial  compressive  strength 
(used  for  normalizing). 


Note  at  this  time  that  Wiliam  and  Warnke  assumed  tension  positive 
when  formulating  their  failure  criterion.  Since  compression  is 
assumed  positive  in  this  report  and  octahedral  normal  and  shear 
stresses  rather  than  average  normal  and  shear  stresses  are  used  in 
this  study,  the  Willam-Warnke  failure  criterion  has  been  altered 
slightly  to  accommodate  these  two  features;  l.e.,  compression 
positive  and  octahedral  rather  than  average  stresses.  If  one 
prefers  to  assume  tension  positive,  refer  to  their  report  (134)  for 
a  detailed  discussion.  Rewriting  F(c)  to  account  for  these 


F(a)  =  F(o  ,  t  ,  0)  = 
0  0 


(5.11) 


The  failure  surface  is  constructed  by  approximating  the 
meridians  in  the  x0-a0  section  at  0  =  0°  (TE)  and  9  =  60°  (TC), 
shown  in  Fig.  5.3,  by  two  second  order  parabolas  rx  and  r2, 
connected  by  an  ellipse  In  the  devlatoric  plane  as  shown  In  Fig. 
5.5.  The  failure  surface  r  Is  then  defined  as  a  function  of  the 
angular  measure  e,  bounded  within  the  position  vectors  rx  and  r2: 
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r(a  ,0)  =  {  2r2(r22-r12)cose 


+  r2Url-r2)  /Kr22-r12)cos2e  +  5rx2  -  4^^} 


(5.12) 


where 


cose 


(5.13) 


The  vectors  ^(9=0°, TE)  and  r2(e=60°,TC)  are  second  order, 

functions  of  the  octahedral  normal  stress  a  and  are  written  as: 

o 


TE  (e  =  0°) 


(5.15) 


60°) 


(5.16) 


To  determine  the  constants  a0,  alt  a2  from  the  TE  meridian  and 
b0 ,  bj ,  b2  from  the  TC  meridian,  thereby  defining  rx  and  r2,  the 
following  six  values  must  be  known: 

1)  f  (uniaxial  compressive  strength) 

V  U 

2)  fcb  (equl -biaxial  compressive  strength) 

3)  ft  (uniaxial  tensile  strength) 

4)  aQ  In  the  high  compression  regime 

5)  t-  at  9=0°  (TE)  for  the  above  <? 

o  o 

6)  x  at  9=60°  (TC)  for  the  above  n  . 

o  o 


With  these  six  values,  five  parameters  are  obtained.  They  are: 


for  a  given  z,  - 


Pi 


P2 


Fcul 

-  jT 

i  5  77 


ra 


-JT  T 
T  ?  Tf 


at  e  =  0°  (TE) 


at  e  =  600  (TC) 


(5.17) 


(5.18) 


(5.19) 


and  the  strength  parameters 

f. 


“u 


cu 


'cb 


cu 


(5.20) 


(5.21) 


Note  that  It  Is  required  that  all  five  of  these  parameters  be 
positive  and  If  the  compression  positive  sign  convention  is 
followed,  they  will  be.  From  these  five  parameters,  the  unknown 
constants  In  Eqs.  5.15  and  5.16  can  be  determined.  For  the 
TE  (e=0°)  meridian: 

/2  5(az-<*u>  -  ^Yu 


a2 


.2  i — m — : — t 


(2au+°z)(C  -  ■Jau^+7<xz^"'9'  azau) 


i  /?  (au-az) 

*1*7  (az-2ou)  a2  + 


/?  2  a  4  a  2 

a°  J  au  ~  7  ai“u  "  ?  a2®u 


(5.22) 


(5.23) 


(5.24) 


It  Is  required  that  the  TE  and  TC  meridians  Intersect  at  a  common 
point  on  the  hydrostatic  axis  in  the  tensile  regime  (because 
concrete  has  tensile  strength)  such  that  rL  =  r2  =  0.  If  the  value 


ii l.-JP/SaSH 
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of  -b —  =  -50  (Implying  a  tensile  stress)  where  50  Is  positive,  to 
|  cu| 

to  give  rj  =  r2  =  0,  it  follows  from  Eq.  5.15  that: 

*25o2  "  ai5o  +  ao  =  0  (5.25) 


3^  —  r3j  -ASgdj 


(5.26) 


where  50  must  be  positive. 


For  the  TC  (e=60°)  meridian: 


P 2^0*  "j)  "  ■j  (Co+5) 
(£+£q)(5-  -j)(Co+  "j) 


/is  P2-  /l 

bi  =  - 

3^-1 

b0  •  E.obi  -  to2  b2 


U+  j)  b2 


(5.27) 


(5.28) 


(5.29) 


The  surface  will  be  convex,  as  it  should  be,  if  the  above  determined 
constants  satisfy  the  following  constraints: 


a0  >  0 


bn  >  0 


ax  0  and  bj  0 


a2  <  0 


bn  <  0 


r»,0o)  .  1 
rttj  "7  ' 


(5.31) 


The  five-parameter  mode)  is  illustrated  ir.  Fig.  1.7  comparing  it 
with  experimental  data  reported  by  Launay,  et  al_.  (83).  Very  good 
strength  predictions  are  made  based  on  experimental  results. 
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From  this  five-parameter  model,  other  failure  criteria  can  be 
derived: 

The  Von  Mlses  model  Is  obtained  If 

a0  =  b0  and  at  =  bL  =  a2  =  b2  =  0  .  (5.32) 

The  Drucker-Prager  model  Is  obtained  If 
3(3  =  bg 

and  a2  =  b2  =  0  .  (5.33) 

ai  ~  bi 

The  three-parameter,  straight  meridian  model  (previously 

mentioned)  Is  obtained  if 

jji  =  and  a2  =  b2  =  0  .  (5.34) 

This  Is  a  nice  feature  of  the  Willam-Warnke  five- 
parameter  model  In  that  it  does  degenerate  to  other  simpler 
failure  criteria. 

5.2. 1.1  Fitting  of  CU-SFRC  Strength  Results  to  the  Willam- 
Warnke  Model 

In  using  the  Willam-Warnke  failure  criterion,  the  authors 
suggest  the  use  of  six  strength  measurements  obtained  from  various 
types  of  tests  as  discussed  in  the  previous  section.  The  five 
parameters  (Eqs.  5.17-5.21)  are  then  determined  from  these  six 
values,  followed  by  the  constants  defining  the  meridians  (Eqs. 

5.22-5.29)  that  are  needed  for  the  formulation.  However,  the 
ability  to  obtain  (without  estimating)  all  these  parameters  was  not 
possible  in  this  test  series.  At  the  time  this  research  on  SFRC  was 
conducted,  the  ability  to  determine  the  uniaxial  tensile  strength  of 
a  cubical  specimen  was  not  possible  because  the  cubical  device  used 
to  perform  the  tests  employ  fluid  cushion  compressive  type  loading 
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only.  The  addition  of  brushes  to  apply  tensile  stresses  to  a 
cubical  specimen  is  now  in  the  design  stages.  Also,  the  uniaxial 
and  equi -biaxial  compressive  strengths  of  cubical  specimens  were  not 
obtained  either.  But  according  to  the  Willam-Warnke  formulation, 
one  does  not  necessarily  need  these  parameters  to  determine  the 
required  constants  used  to  calibrate  the  model.  Examining  Eqs.  5.15 
and  5.16  shows  that  since  these  meridian  equations  are  second  order, 
the  constants  in  the  equations  can  be  just  as  easily  determined  by 
fitting  first  Eq.  5.15  to  three  failure  data  points  on  the  TE  path, 
and  secondly  Eq.  5.16  to  three  points  on  the  TC  path.  Once  the 
meridians  r^  and  r2  are  determined,  the  strength  envelope  defined  by 
Fq.  5.12  can  readily  be  determined. 

Note  here  that  when  calibrating  a  model  such  as  this  one,  one 
should  not  use  strength  values  obtained  from  tests  where  the 
boundary  conditions  are  different.  For  instance,  using  the  uniaxial 
compressive  strength  of  a  cylinder  tested  in  an  apparatus  employing 
rigid  end  platens  and  multi  axial  compressive  strengths  obtained  from 
a  device  employing  fluid  cushions.  The  boundary  conditions  are 
completely  different.  Consequently,  a  strength  envelope  based  on 
mixed  boundary  conditions  cannot  be  representative  of  true 
strengths.  If  one  needs  strength  values  such  as  f  ,  f  ^  and  so  on, 
as  those  in  the  Willam-Warnke  model,  they  should  be  obtained  in  the 
same  apparatus.  Gerstle,  et  al_.  (51)  showed  what  effect  boundary 
conditions  have  on  observed  strengths  of  identical  concrete 
specimens.  In  later  sections  of  this  chapter,  parametric  studies 
are  presented  showing  the  effects  of  using  strengths  from  mixed 
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boundary  conditions  to  calibrate  failure  criteria  on  the  predicted 
strength  envelope  compared  to  the  observed  SFRC  cubical  specimen 
strengths. 

In  TABLE  4.4  all  the  failure  data  obtained  for  the  CU-SFRC 

cubical  specimens  tested  in  the  final  series  is  listed.  In  all, 

sixteen  of  twenty-eight  specimens  were  taken  to  failure,  i.e., 

volume  dilation.  This  failure  data  is  shown  plotted  in  the  x  -a 

oo 

plane  (Fig.  4.108),  the  octahedral  or  deviatoric  plane  (Fig.  4.109) 
and  the  Rendulic  or  tri axial  plane  (Fig.  4.110). 

Eqs.  5.15  and  5.16  defining  the  meridians  r1  and  r2  use  the 
uniaxial  compressive  strength  f  for  nondimensionalizlng.  Since 
this  value  of  f  for  a  specimen  tested  in  the  cubical  apparatus  was 
not  determined,  the  two  meridian  equations  are  rewritten  by 
eliminating  the  normalizing  parameter  f  .  They  become: 

u 

rL  =  A0  +  Ax  a0  +  A2  a*  ;  TE  (e=0°)  (5.35) 

r2  =  B0  +  B^  <jg  +  B2  Oq  ;  TC  (0=60°)  (5.36) 

Notice  the  use  of  capital  letters  for  the  coefficienets  in  the  above 

expressions  so  as  not  to  confuse  them  with  the  coefficients  given  in 

Eqs.  5.15  and  5.16  and  defined  by  Eqs.  5.22-5.29.  Also  note  that 
eliminating  f  as  the  nondimensionalizlng  parameter  in  Eqs.  5.15 
and  5.16  does  not  affect  the  equation  of  the  failure  surface,  r, 
defined  by  Eq.  5.12.  However,  the  failure  function  F(o)  given  in 
Eq.  5.11  must  be  rewritten  to  account  for  the  lack  of  f  . 


It  becomes 
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A  least-squares  fit  through  the  x  -  a0  strength  data 
(Fig.  4.108)  was  conducted  In  order  to  determine  the  coefficients  In 
Eqs.  5.35  and  5.36.  A  straight  rather  than  parabolic  fit  was  used 
for  two  reasons: 

1)  The  failure  data  plotted  In  the  xQ  -  oQ  plane  plots 
nearly  as  a  straight  line,  for  all  three  stress 
paths,  between  the  range  of  hydrostatic  stresses 
employed  In  the  tests,  l.e.  aQ  *  4000  to  8000  psl . 

2)  A  least  squares  parabolic  fit  through  the  TE  data 
again  plotted  as  a  straight  line.  But  more 
Importantly,  a  least-squares  parabolic  fit  through 
the  TC  data  plotted  as  a  parabola  which  was  slightly 
concave  upward.  That  Is  to  say,  If  one  extended  this 
parabola  for  higher  hydrostatic  stresses  than  used  In 
the  tests,  the  predicted  rate  of  strength  Increase  of 
the  specimen  would  accelerate.  This  trend  Is  clearly 
unacceptable.  Therefore,  the  straight  line  fits  were 
used  to  calibrate  the  Wlllam-Warnke  model. 

The  six  coefficients  In  Eqs.  5.35  and  5.36,  determined  from  the 
least  squares  straight  line  fits  through  the  failure  data  In  the 

x„  -  cr„  plane  between  ct  =  4000  and  8000  psl  were  found  to  be: 

0  0  0 

A0  =  424  psi  B0  =  1980  psl 

Ax  =  0.566  Bi  =  0.617  (5.38) 

A2  =  0  B  2  =  0 


Eqs.  5.35  and  5.36  then  become: 
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rL  =  424  +  0.566  <jQ  ;  TE(e=0<>)  (5.39) 

r2  =  1980  +  0.617  aQ  ;  TC(e=60°)  (5.40) 

where  aQ,  rx  and  r2  are  in  psi .  Even  though  straight  line  meridians 
are  employed  here  (A2  =  B2  *  0),  the  Wlllam-Warnke  five -parameter 
failure  criterion,  calibrated  for  the  CU-SFRC,  does  not  degenerate 
to  their  original  three  parameter  criterion  previously  mentioned 
because  not  all  the  conditions  of  Eq.  5.34  are  met;  i.e., 

Aq/Bq  *  . 

With  the  equations  for  rL  and  r2,  the  radius  vector  r(oQ,e) 
given  by  Eq.  5.12  and  representing  the  analytical  expression  for  xQ 
at  failure  Is  now  fully  defined  with  a  and  9  as  the  independent 
variables.  The  predicted  failure  envelope  can  now  be  compared  with 
experimentally  determined  strength  values.  Figs.  5.6,  5.7  and  5.8 
show  the  experimental  strength  results  in  the  xQ  -  aQ,  deviatoric 
and  Rendulic  planes  respectively,  for  the  CU-SFRC,  with  the  Willam- 
Warnke  predicted  failure  curves  also  shown.  Eq.  5.12  defines  r  with 
Eqs.  5.39  and  5.40  used  for  rx  and  r2.  In  all  the  figures,  the 
average  TE  and  TC  experimental  failure  data  matches  the  predicted 
Willam-Warnke  strengths  exactly  because  these  were  the  paths  used  to 
calibrate  the  model.  The  SS  (e=30°)  path  was  not  used  in 
determining  the  model  parameters,  therefore,  the  strengths  obtained 
experimentally  along  this  path  allow  one  to  compare  predicted  with 
actual  strengths  of  specimens  tested  and  observe  the  effectiveness 
of  the  model  In  predicting  strengths  on  a  path  other  than  those  used 
to  calibrate  the  model.  Along  the  SS  path,  there  is  close  agreement 
between  the  observed  and  predicted  strengths  for  the  lowest 
hydrostatic  stress,  i.e.  aQ  -  4  ksi.  For  higher  levels  of  aQ,  the 
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Octahedral  Planes  with  Willam-Warnke  Predictions 
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model  Is  slightly  conservative  In  predicting  strengths.  This  may 
not  be  the  fault  of  the  model.  Notice  In  Figs.  5.6  and  5.7  that 
only  one  failure  point  was  obtained  experimentally  for  the  SS  path 
at  <jQ  =  8  ksl.  Perhaps  this  specimen  had  an  abnormally  higher 
strength  than  others.  Assuming  all  specimens  to  be  Identical,  one 
could  say  the  Willam-Warnke  criterion  predicts  slightly  conservative 
results  for  this  stress  path.  Notice  also  that  the  failure  surfaces 
in  Fig.  5.7  become  more  convex  with  Increasing  hydrostatic  stress. 
The  surface  for  aQ  =  4  ksl  nearly  plots  as  a  triangle  with  the 
tendency  toward  circular  failure  surfaces  with  Increasing 
hydrostatic  stress.  Perhaps  with  even  greater  hydrostatic  stress, 
the  failure  envelope  would  take  the  Drucker-Prager  shape  and 
eventually  the  Von  Mises  shape. 

In  Figs.  5.6  and  5.8,  notice  that  the  predicted  TC  meridian  in 
the  low  compression  regime  Is  curved,  when  a  straight  line  was 
fitted  through  the  TC  strength  data  between  oQ  =  4  and  8  ksl  to 
determine  r2.  The  reason  Is  that  the  failure  surface,  regardless  of 
the  stress  path,  must  start  at  a  point  in  the  tensile  regime  along 
the  hydrostatic  axis,  called  the  apex  where  tq  =  0  for  some  value  of 
aQ  negative.  This  apex  Is  near  the  aQ  point  for  uniaxial 
tension,  which  lies  on  the  TE  path.  The  predicted  failure  envelope 
is  calculated  from  r.  Therefore,  with  the  condition  of  the  common 
origin  or  apex  of  the  failure  envelope,  the  TC  and  SS  strength 
curves  must  be  curved  in  the  tension  through  the  low  compression 
regime  of  hydrostatic  stress  before  becoming  linear  and  passing 
through  the  experimental  failure  data.  Unfortunately,  no 
experimental  strength  data  in  the  tension  and/or  low  compression 
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regime  is  available  for  calibration  and  comparison  purposes. 

Based  on  the  predicted  strength  envelope,  values  of  f  ,  f.  and 

UU  w 

f  b  can  be  derived  very  easily.  The  uniaxial  compressive  strength 

f  ,  lies  on  the  TC  meridian  whereas  the  uniaxial  tensile  and 
cu 

equi-biaxial  compressive  strengths  both  lie  on  the  TE  meridian. 

These  predicted  strengths  are: 
f  =  7450  psi 

(Compression 

ft  =  -643  psi  positive)  (5.41) 

f  b  =  4500  psi 

The  predicted  biaxial  failure  envelope  for  compression  only, 

calculated  from  Eq.  5.37,  is  shown  In  Fig.  5.9  for  reference.  No 

experimental  biaxial  strength  data  was  obtained.  Therefore  no 

comparisons  can  be  made  regarding  the  validity  of  the  predicted 

biaxial  strengths.  However,  it  should  be  noted  that  calibrating  the 

five-parameter  model  as  was  done  for  the  CU-SFRC  gives  a  different 

biaxial  failure  envelope  shape  than  one  might  expect,  based  on  the 

envelopes  previously  obtained  experimentally  for  plain  concrete 

(Figs.  1.6  and  1.10)  and  fiber  reinforced  mortar  (Fig.  1.5).  The 

derived  value  of  f  b  seems  somewhat  low,  when  for  plain  concrete, 

this  value  is  at  least  as  large  as  f  .  This  could  indicate  that 

cu 

perhaps  the  Wi 11 am-Warnke  failure  criterion  should  have  been 
calibrated  by  Including  a  biaxial  strength,  even  if  it  had  to  be 
assumed. 

The  other  two  predicted  strengths,  f  and  f^,  given  in 
Eq.  5.41,  can  be  compared  to  the  observed  unconfined  compressive 
strength  (f')  and  the  split  cylinder  tensile  strength  (T),  both  of 
3  x  6  in.  cylinders,  as  reported  in  Chapter  3.  These  values  were: 


f.  9200  psi  (Compression  (5.42) 

T  =  -953  psi  positive) 

The  differences  between  these  predicted  and  observed  strengths  can 
be  attributed  primarily  to  specimen  types  and  boundary  conditions 
because  the  predicted  values  were  derived  from  the  failure  envelope 
calibrated  from  the  strengths  of  cubical  specimens  with  fluid 
cushion  boundaries  and  the  observed  strengths  were  from  3  x  6  In. 
cylinders  with  rigid  boundaries. 

It  should  be  emphasized  that  the  range  of  validity  of  the 
Wil lam-Warnke  model  in  predicting  strengths  of  SFRC  should  not 
exceed  the  maximum  hydrostatic  stress  levels  for  which  the  model  was 
calibrated.  However,  predicted  strengths  for  higher  hydrostatic 
stresses  could  be  extrapolated  from  the  results  if  one  uses  good 
judgement  in  deciding  upon  the  limits  of  extrapolation.  For  the 
model  was  calibrated  for  the  CU-SFRC  in  such  a  way  that  it  predicts 
linearly  increasing  shear  strengths  (tQ)  for  increasing  hydrostatic 
stress  (oQ).  That  is,  the  trend  for  the  predicted  strength  of  the 
SFRC  does  not  level  off  according  to  the  Willam-Warnke  model 
calibrated  as  it  was.  Launay,  et.  al_.  (83)  showed  that  the 
strength  of  concrete  type  materials  does  level  off  for  increasing 
confining  pressure  as  demonstrated  in  Fig.  1.7.  Therefore,  the 
range  of  validity  of  any  numerical  formulation  for  failure  criterion 
should  conservatively  remain  between  the  levels  of  hydrostatic 
stress  for  which  the  experiments  were  conducted  and  the  formulation 
calibrated. 


All  In  all,  the  Willam-Warnke  failure  criterion  Is  a  good, 
fairly  simple  formulation  to  work  with  and  proved  to  predict  very 
closely  the  strengths  obtained  experimentally  for  the  CU-SFRC. 
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5.2.2  Lade  Three-Parameter  Failure  Criterion  for  Concrete 

The  following  three-parameter  failure  criterion  for  concrete 
proposed  by  Lade  (79)  stems  from  a  general,  three  dimensional 
failure  criterion  previously  developed  by  Lade  (77)  for  coheslonless 
soils.  The  criterion  Is  expressed  In  terms  of  stress  Invariants  and 
Involves  three  material  parameters  describing  the  three  Independent 
characteristics  for  a  concrete  failure  surface:  (1)  the  opening 
angle  of  the  failure  surface  or  the  friction  angle,  (2)  the 
curvature  of  the  failure  surface  In  planes  containing  the 
hydrostatic  axis,  l.e.,  curved  meridians,  and  (3)  the  tensile 
strength.  These  three  parameters  can  be  easily  determined  from  any 
type  of  strength  tests,  conventional  or  not,  as  decribed  below. 

The  failure  surface  function  F (a)  for  this  three-parameter 
criterion  Is  expressed  In  terms  of  the  first  and  third  stress 
Invariants  as  follows: 


J  i  J  i  ni 

F  («)-(—-  27)  .(  —) 

J3  Pa 


’ll 


(5.43) 


=  0  for  material  failure 


where 


Jl  =  <Jl  +  <?2  +  °3  =  aX  +  °y  +  °Z 


(5.44) 


J3  =  <?i  •  02  *  03 


0*0*0  +  X  *  t  *X  +X  *X  •  X 

x  y  z  xy  yz  zx  yx  zy  xz 


—  ( o  *  x  *x  +  o  •  x  •  x  +  a  •  x  *x  ) 
x  yz  "'zy  °y  Tzx  xz  °z  Txy  >x' 


(5.45) 
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p  =  atmospheric  pressure  (positive)  In  the  same  (5.46) 

units  as  the  stresses 

(Compression  Positive) 

The  meaning  of  the  a's  will  be  clarified  next.  In  order  for 
the  failure  criterion  given  by  Eq.  5.43,  originally  formulated  for 
coheslonless  soils  (77),  to  be  applicable  to  concrete,  the  cohesion 
and  tensile  strength  sustained  by  concrete  must  be  Included.  This 
Is  done  by  translating  the  principal  stress  space  along  the 
hydrostatic  axis  as  shown  In  Fig.  5.10  by  the  addition  of  a  constant 
stress  a«p  added  to  the  normal  stresses.  As  shown  In  the  figure, 

a 

the  value  of  a«p.  reflects  the  effect  of  the  tensile  strength  of  the 

a 

concrete,  where  "a"  Is  a  dimensionless  parameter  (positive)  and  pa 

O 

Is  the  atmospheric  pressure  described  by  Eq.  5.46.  The  value  of 
a*p.  must  be  slightly  larger  than  the  absolute  value  of  the  uniaxial 

d 

tensile  strength.  The  resulting  normal  failure  stresses  7  ,  7  ,  7 

x  y  z 

or  the  resulting  principal  failure  stresses  7i,  72,  73  used  in  Eqs. 

5.44  and  5.45  are  then  expressed  as: 

o  =a  +  a*  d 
x  x  Ka 

0=0+  a»p  (5.47) 

y  y  a 

7Z  =  0Z  +  a.pa 

or 

7i  =  oi  +  a»pa 

°2  s  ®2  +  a*P*  (5.48) 

a 

03=03+  a*Pa 


» 
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where  a  ,  a  ,  o  ,  *  ,  etc.  or  oL ,  o2,  03  are  the  actual  stresses  at 
x  y  z  xy 

failure.  Note  that  for  a  cohesionless  soil,  a=0,  the  normal  and 
translated  coordinates  In  Fig.  5.10  coincide,  and  the  resulting 
failure  function  In  Eq.  5.43  reduces  to  that  given  by  Lade  for 
cohesionless  soils  (77). 

The  determination  of  the  three  parameters,  a,  m  and  m  is  very 
simple.  As  previously  mentioned,  the  value  of  a»p,  is  slightly 

a 

greater  than  f^  as  indicated  on  Fig.  5.10.  If  the  uniaxial 
tensile  strength  f^  Is  not  determined  experimentally.  Lade  (79) 
gives  an  approximate  formula  relating  ft  to  the  unconfined 
compressive  strength  f  through  the  following  power  function: 


f  =  J.p 

t  a  Pa 


(compression 

positive) 


(5.49) 


where  T  and  t  are  dimensionless  numbers,  found  for  plain  concrete  to 
be  T  =  -0.61  and  t  =  2/3.  Once  ft  is  known,  the  value  of  "a"  (>0) 
can  be  estimated.  From  studies  conducted  by  Lade  (79),  a»p  was 

a 

found  to  be  0.3%  to  1.4%  greater  than  ft  .  In  other  words: 

1.003* f.  <  a*p  <  1.014*f.  (5.50) 

With  the  estimated  value  of  "a",  the  resulting  stresses  in  Eqs.  5.47 
or  5.48  are  calculated,  then  substituted  into  the  expressions  for 
the  stress  invariants  given  by  Eqs.  5.44  and  5.45  .  The  parameters 
m  and  m  are  then  determined  by  plotting  ( J x 3/J 3  -  27)  vs.  (p  /J x ) 


at  failure  on  log-log  paper  and  determining  from  a  regression 
analysis  the  best  fitting  straight  line  through  the  data.  The 
intercept  of  this  line  with  (pa/J x )  *  1  is  the  value  of  tii»  and  m  is 
the  slope  of  the  line. 


» 


Failure  Surface 


Hydrostatic 

Axis 


Uniaxial  Tensile  Strength 
negative 


Translation  of  Principal  Stress  Space 
Along  Hydrostatic  Axis  to  Include  Effect 
of  Tensile  Strength  in  Lade's  Failure 
Criterion.  {  Lade (79 ) } . 
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Fig.  5.11  shows  an  example  of  finding  these  parameters  and  the 
effect  of  varying  the  estimated  parameter  "a"  on  the  values  of  nlf 
m  and  the  coefficient  of  determination  r2  for  tests  on  plain 
concrete  by  Mills  and  Zimmerman  (79).  By  varying  the  value  of  "a", 
all  failure  points  in  Fig.  5.11  move  since  the  stress  Invariants 
Incorporate  "a"  in  their  calculations.  However,  the  uniaxial 
tensile  strength  point  is  the  only  one  that  shows  this  movement 
because  the  others  are  very  slight.  Note  that  the  value  of  "a"  is 
estimated  from  the  uniaxial  tensile  strength  but  this  tensile 
strength  does  not  necessarily  need  to  be  incorporated  into  the 
determination  of  the  other  material  parameters  as  demonstrated  in 
Fig.  5.11.  Lade  points  out  that  without  it,  i.e.,  if  only 
compressive  strengths  were  used,  the  resulting  parameters  would 
describe  the  failure  surface  in  the  region  of  compressive  stresses 
with  reasonable  accuracy.  However  the  tensile  strength,  even  if 
just  an  estimate,  should  be  included  because  it  tends  to  influence 
the  location  of  the  best  fit  straight  line.  Consequently,  the 
parameters  found  would  then  better  describe  the  failure  surface  for 
regions  of  compressive  as  well  as  tensile  stresses. 

Figs.  5.12-5.14  show  the  comparisons  between  the  experimental 
results  of  Mills  and  Zimmerman  and  the  predictions  made  by  the  three 
parameter  model,  with  material  parameters  of  "a"  =  23.20,  ni  = 
119,339  and  m  =  1.127  as  shown  In  Fig.  5.11.  There  is  some  scatter 
present,  but  the  three-parameter  model  is  seen  to  represent  the  data 


<re  *  234.8  kg/cm* 
123.034  kN/m2) 


Fig.  5.12.  Comparison  of  Lade  Failure  Criterion  in 
Biaxial  Planes  with  Results  of  Biaxial 
Tests  Performed  by  Mills  and  Zimmerman 
£  Lade  (79 ) J  . 


(kg/cm*) 


V?"  C3  (kj/cm^) 


Fig.  5.13.  Comparison  of  Lade  Failure  Criterion  in 
Triaxial  Plane  with  Results  of  Triaxial 
Compression  and  Extension  Tests  Performed 
by  Mills  and  Zimmerman  [Lade  (79)]. 


Fig.  5.14.  Comparison  of  Lade  Failure  Criterion  in 
Octahedral  Planes  with  Results  of  Tests 
on  Concrete  Performed  by  Mills  and 
Zimmerman  [  Lade  (79)  J. 
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5. 2. 2.1  Fitting  of  the  CU-SFRC  Strength  Results  to  the  Lade 
Three-Parameter  Model 

Lade's  three-parameter  model  requles  some  value  of  tensile 
strength  from  which  the  parameter  "a"  can  be  estimated.  No  tensile 
strength  data  for  cubical  specimens  of  the  CU-SFRC  was  obtainable. 
Therefore  f^  was  estimated  using  Eq.  5.49  with  values  of  T  =  -0.61, 
t  =  2/3  (the  same  numbers  found  for  plain  concrete)  and  f  =  7500 
psl.  The  value  of  the  unconfined  compressive  strength  f  ,  was 

ull 

extrapolated  from  the  failure  data  shown  In  Fig.  4.110  along  the  TC 
meridian,  rather  than  mixing  boundary  conditions  and  using  the 
unconfined  compressive  strength  of  3  x  6  In.  cylinders 
(f*  =  9200  psl).  With  these  values,  f+  was  calculated  as  -573  psl. 
Then  using  Eq.  5.50  as  a  guideline,  a»p.  was  estimated  to  be  581 

a 

psl,  resulting  In  "a"  =  39.52.  Note  that  this  Is  the  upper  limit  on 
"a"  suggested  In  Eq.  5.50,  l.e.,  a*pg  *  1.014*  . 

The  data  used  to  calibrate  Lade's  model  for  the  CU-SFRC  was  the 
failure  data  obtained  for  the  cubical  specimens  listed  in  TABLE  4.4 
and  the  assumed  uniaxial  tensile  strength.  With  the  value  of  a*p. 

a 

found  above,  the  resulting  principal  stresses  and  stress  Invariants 
(Eqs.  5.48,  5.44  and  5.45)  for  all  the  strength  data  were  calculated 
Incorporating  the  requred  parameter  "a".  The  data  was  plotted  as 
( 3 /J3  -  27)  vs.  ( pa/J1 ) ,  and  shown  in  Fig.  5.15.  With  "a"  =  39.52, 
the  two  other  parameters  were  determined  from  the  figure  as:  m  = 
17030  and  m  =  0.807.  The  best  fit  line  produced  an  r2  coefficient 
equal  to  0.812.  These  three  parameters  now  fully  define  the  failure 
envelope  for  the  CU-SFRC  using  Lade's  failure  criterion.  From  Eq. 
5.43,  the  predicted  failure  envelope  was  calcualted  and  compared 


Fig.  5.15.  Determination  of  Material  Parameters 
Involved  in  Lade's  Failure  Criterion 
for  the  CU-SFRC. 
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with  the  experimentally  determined  strength  values.  These 
comparisons  are  shown  In  Figs.  5.16,  5.17  and  5.18  for  the  t0-o0» 
octahedral  or  devlatorlc  and  trl axial  or  Rendullc  planes 
respectively.  Good  correlation  between  predicted  and  experimental 
results  Is  made. 

The  predicted  failure  envelope  has  the  required  shape,  l.e., 
curved  meridians  In  the  to-0o  and  trl  axial  planes  and  a  triangular 
section  with  rounded  corners  In  the  octahedral  plane.  The  meridians 
In  the  T0-cr0  plane  (Fig.  5.16)  show  that  shear  strength  predictions 
(xQ)  do  not  Increase  linearly  for  Increasing  high  hydrostatic  stress 
(oQ)  as  did  the  Willam-Warnke  predictions  described  In  Section 
5. 2. 1.1  and  shown  In  Fig.  5.6.  Rather,  the  meridians  show,  as  they 
should,  a  tendency  towards  a  horizontal  for  increasing  <j0.  For 
hydrostatic  stresses  aQ  <_  8  ksl,  the  predictions  using  Lade's  model 
and  Willam-Warnke's  model  are  nearly  the  same  for  the  TE  and  SS 
meridians.  However,  the  TC  meridians  are  quite  different  for 
°o  —  4  ks^‘  The  TC  mer^^an  predicted  using  Lade’s  model  Is  more 
smoothly  curved  to  the  apex  than  the  Willam-Warnke  prediction,  where 
a  sharp  change  in  predicted  strength  occurs  at  oQ  »  2  ksl.  The 
reason  the  Wlllam-Warnke  TC  prediction  does  this  is  due  to  the  way 
It  was  calibrated.  In  the  trlaxlal  plane  (Fig.  5.18  for  Lade  and 
Fig.  5.8  for  Wlllam-Warnke),  one  can  again  see  that  the  TE  meridians 
predicted  using  both  models  are  nearly  the  same  for  aQ  £  8  ksl. 
Beyond  that,  the  Lade  prediction  continues  to  be  curved  as  one  would 
expect,  whereas  the  Willam-Warnke  prediction  Is  linear.  The  TC 
meridians  are  different,  as  discussed  above.  Examination  of 
Fig.  5.17  for  Lade  and  5.7  for  Willam-Warnke  shows  that  the 


Data  in  t  -  a „  Plane  with  Lade  Prediction. 
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predicted  failure  envelopes  In  the  octahedral  planes  are  nearly  the 
same  for  both  models. 

Fig.  5.19  shows  the  biaxial  failure  envelope  predicted  using 
Lade's  model.  It  is  for  reference  only  since  no  experimental 
biaxial  strength  data  was  obtained.  When  comparing  with  biaxial 
failure  envelopes  obtained  for  plain  concrete  (Figs.  1.6  and  1.10) 
and  fiber  reinforced  mortar  (Fig.  1.5),  the  shape  of  the  predicted 
CU-SFRC  failure  envelope  using  Lade's  model  is  more  reasonable  than 
that  obtained  using  the  Willam-Warnke  model  (Fig.  5.9).  Again, 
these  shapes  are  a  result  of  how  each  model  was  calibrated. 

Based  on  the  Lade  failure  envelope,  predicted  values  of  the 
uniaxial  compressive  strength  f  ,  equl -biaxial  compressive  strength 

V  li 

fcb  and  uniaxial  tensile  strength  f^  can  be  calculated.  These 
predicted  strengths  are: 

fcu  =  4750  Psi 

f  b  =  5650  psl  (5.51) 

ft  =  -573  psi  . 

Note  that  an  assumed  value  of  f  =  7500  psi  was  used  to  calculate 

cu 

ft  required  for  Lade's  model.  However,  this  value  of  f  was  not  in 
Itself  used  as  a  strength  value  in  calibrating  the  model  simply  to 
keep  the  number  of  assumed  strengths  to  a  minimum.  The  predicted 
uniaxial  compressive  strength  seems  somewhat  low  when  examining  the 
failure  data  shown  in  Fig.  4.110,  from  which  the  assumed  value  was 
taken.  This  difference  could  also  be  due  to  the  regression  analysis 
through  the  log-log  failure  data  that  was  conducted  in  order  to 


Fig.  5.19.  Predicted  Biaxial  Failure  Envelope 
Based  on  Lade  Failure  Criterion. 
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determine  the  necessary  parameters.  The  predicted  tensile  strength 
does  match  the  assumed  value,  as  one  would  expect,  because  the  best 
fit  line  nearly  Intersects  this  failure  point  as  shown  In  Fig. 

5.15.  If  one  calculated  the  uniaxial  tensile  strength  by  doing  a 
linear  regression  through  the  TE  failure  data  shown  in  Fig.  4.110,  a 
value  of  -643  psi  would  result.  This  is  the  same  as  that  predicted 
using  the  Willam-Warnke  failure  criterion  discussed  in  Section 
5. 2. 1.1  because  a  linear  regression  was  performed  through  the  TC  and 
TE  failure  data  to  calibrate  that  model  for  the  CU-SFRC.  The  two 
predicted  values  of  tensile  strength  are  quite  similar.  In  fact, 
this  value  of  tensile  strength,  as  well  as  others  calculated  from 
Eq.  5.49  using  different  fcu's,  were  used  in  estimating  the  "a" 
parameter  to  calibrate  Lade's  model,  in  conjunction  with  the  failure 
data  of  the  cubical  specimens.  The  value  of  ft  *  -573  psi  (based  on 
Eq.  5.49  with  fc(j  *  7500  psi)  gave  the  highest  r2  value  from 
regression  analyses.  Therefore  this  was  the  tensile  strength  used 
In  calibrating  Lade's  model  as  shown  in  Fig.  5.15  in  order  to 
predict  the  strengths  shown  In  Figs.  5.16-5.19. 

In  the  next  section,  some  parametric  studies  of  the 
Willam-Warnke  and  Lade  failure  criteria  are  presented  to  show  how 
the  models  compare  when  using  identical  Input  data  to  calibrate  them 
and  their  effectiveness  In  predicting  strengths  by  comparing  them 
with  the  CU-SFRC  experimental  results. 

In  conclusion,  the  Lade  three-parameter  failure  criterion  Is  a 
very  simple  model  to  use  and  Is  seen  to  predict  the  strength  of  the 
CU-SFRC  very  well.  It  is  interesting  to  note  that  this  model  was 
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originally  developed  for  soils  and  with  a  slight  improvement  or 
modification  is  seen  to  also  work  well  for  concrete. 

5.2.3  Comparison  of  the  Willam-Warnke  and  Lade  Failure  Criteria 
Using  Various  Input  Strength"  Data 

TABLE  5.1  summarizes  the  contents  of  this  section,  whose 
purpose  is  fourfold: 

1)  To  recap  the  discussions  in  Sections  5. 2. 1.1  and  5. 2. 2.1 
regarding  the  Willam-Warnke  and  Lade  failure  criteria:  Cases  I,  IV. 

2)  To  observe  the  differences  between  the  Willam-Warnke  and 
Lade  predicted  failure  envelopes  when  the  same  strength  data  is  used 
to  calibrate  the  respective  formulations:  Cases  II,  III,  VI,  VII. 

3)  To  show  the  effect  of  calibrating  each  failure  criteria 
with  the  same  strength  data,  obtained  from  tests  where  specimen  type 
and  boundary  conditions  are  different:  Cases  III,  VII. 

4)  To  show  the  effect  of  calibrating  the  Lade  failure 
criterion  with  the  minimum  number  of  required  input  strengths, 
obtained  from  conventional  cylinder  tests,  and  the  predicted  failure 
envelope  that  results:  Case  V. 

TABLE  5.1  is  self-explanatory,  listing  the  failure  criteria, 
the  strength  data  used  to  calibrate  the  respective  failure  criteria, 
the  resulting  strength  parameters  calculated  from  the  theory 
described  in  previous  sections  and  the  figure  numbers  showing  the 
respective  predicted  failure  envelopes  along  with  the  CU-SFRC 
observed  strengths.  The  results  of  the  different  cases  are 
discussed  below. 


TABLE  5.1 


TABLE  5.1  (Continued) 


.19  Biaxial 


SUMMARY  OF  STRENGTHS  USED  FOR  CALIBRATING  WILLAM-WARNKE  AND  LADE 
FAILURE  CRITERIA  AND  PARAMETERS  OBTAINED  FOR  PARAMETRIC  STUDY. 
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The  Wlllam-Warnke  failure  criterion  calibrated  as  done  for  the 
CU-SFRC  by  doing  a  linear  regression  through  the  TC  and  TE  cubical 
strength  data  to  find  the  model  parameters.  The  constants  A0 
through  B2  are  defined  In  Eqs.  5.35  and  5.36.  A  complete  discussion 
of  results  is  given  in  Section  5. 2. 1.1. 

Case  II 

The  Wlllam-Warnke  criterion,  calibrated  as  the  authors  suggest, 
described  in  Section  5.2.1.  The  six  model  parameters  are  defined  In 
Eqs.  5.15  and  5.16  and  calculated  from  Eqs.  5.22-5.29.  The 
unconfined  compressive  strength  f  was  extrapolated  from  the 
strength  data  shown  in  Fig.  4.110.  The  tensile  strength  f^  was 
calculated  from  Eq.  5.49  (Lade’s  equation  for  tensile  strength). 

This  value  Is  seen  to  be  a  reasonable  estimate  when  examining 
Fig.  4.110  The  biaxial  strength  fcb  was  assumed,  based  on  a  range 
given  by  Willam-Warnke  (134).  The  two  required  shear  strength 
values  (xQ)  at  high  confining  pressure  (oQ)  were  from  the  CU-SFRC 
experimental  results. 

The  resulting  t0-o0  failure  envelope  shown  in  Fig.  5.20 
predicts  decreasing  shear  strengths  for  Increasing  confining 
pressure  beyond  <jQ  of  9  to  10  ksl.  This  is  a  phenomenon  that  should 
not  occur  and  Is  a  drawback  Inherent  In  the  Willam-Warnke 
formulation.  That  Is,  the  meridian  equations  employed  by  their 
model,  being  second-order  functions  of  aQ,  will  at  some  point 
Intersect  the  hydrostatic  axis  (xos0). 


Fiq.  5.20.  Failure  Data  in  t  -  a  Plane  with  Willam-Warnke  Prediction. 

J  n  n 


Fig.  5.21.  Failure  Data  in  Octahedral  Planes 


Case  III 


The  Willam-Warnke  criterion  also  calibrated  as  the  authors 
suggest.  However,  the  Input  strength  data  came  from  tests  In  which 
the  boundary  conditions  and  specimen  types  varied.  The  compressive 
and  tensile  strengths  came  from  3x6  In.  cylinder  tests  with  rigid 
boundary  conditions.  But  the  two  shear  strengths  (xQ)  were  from  the 

CU-SFRC  cubical  tests  In  which  fluid  cushion  boundary  conditions 
were  employed.  The  biaxial  strength  f  was  again  assumed.  The 
model  parameters  were  calculated  from  Eqs.  5.22-5.29. 

The  point  is  to  show  what  happens  to  this  failure  criterion 

when  mixed  boundary  condition  and  specimen  type  test  results  are 

used  to  calibrate  it.  The  resulting  shape  of  the  predicted  failure 

envelopes  shown  In  Figs.  5.24-5.26  are  incorrect.  Notice  the 

failure  meridians  In  Fig.  5.24  are  In  a  reverse  order,  contrary  to 

what  they  should  be,  because  of  the  large  values  of  f£U  and  fcb 

used.  The  TC  meridian  has  the  correct  shape;  however,  it 

overestimates  the  strengths  compared  with  experimental  results. 

Beyond  aQ  «  8  ksi,  all  the  meridians  predict  negative  octahedral 

shear  strengths  which  is  Impossible!  Notice  also  that  in  the 

octahedral  planes,  Fig.  5.25,  the  failure  envelope  for  aQ  =  8  ksi  is 

fine  but  those  for  aQ  =  4  and  6  ksi  are  not.  Also,  Fig.  5.26  shows 

the  erroneous  TE  meridian  and  what  happens  to  the  failure  envelope 

for  values  of  «  at  or  near  8  ksi.  All  these  spurious  results  are 
o 

an  outcome  of  calibrating  this  formulation  with  strength  data 
obtained  from  tests  In  which  the  specimen  type  and  boundary 
conditions  vary  considerably.  The  point  Is  that  for  any  model,  the 


Fig.  5.25.  Failure  Data  in  Octahedral  Planes  with  Willam-Warnke  Predictions. 
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Input  data  should  be  obtained  from  tests  where  these  varying 
conditions  do  not  occur,  or  gross  inaccuracies  may  result. 
Case  IV 
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Lade's  failure  criterion  calibrated  as  the  author  suggests,  for 
the  CU-SFRC.  The  tensile  strength  f^  was  the  only  assumption  made. 

A  complete  discussion  of  results  is  given  in  Section  5. 2. 2.1. 

Case  V 

Lade's  criterion  calibrated  with  only  two  strength  values  which 
represent  the  minimum  required.  Both  are  from  3  x  6  in.  cylinder 
tests  where  rigid  boundary  conditions  existed:  unconfined 
compression  and  split  cylinder.  The  point  of  the  predicted  results 
is  to  show  that  rigid  boundary  condition  tests  cannot  be  used  to 
calibrate  this  model  (or  any  other  for  that  matter)  and  be  accurate 
in  trying  to  predict  the  strengths  of  specimens  subjected  to  fluid 
cushion  boundary  conditions.  The  shape  of  the  predicted  failure 
envelope  Is  acceptable  but  the  strengths  are  considerably 
overestimated. 

Case  VI 

Lade's  criterion  calibrated  as  suggested,  with  the  same  input 
strength  data  as  was  used  to  calibrate  the  Willam-Warnke  failure 
criterion  for  Case  II.  The  point  is  to  compare  the  predicted 
strengths  using  different  failure  criteria,  each  calibrated  with 
Identical  input  data.  There  exists  a  definite  difference  between 
the  two.  The  strengths  predicted  by  Lade  are  unconservative  but  the 
meridians  shown  In  Fig.  5.31  do  not  have  the  same  characteristics  as 
do  those  shown  in  Fig.  5.20  for  the  Willam-Warnke  criterion.  That 
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Fig.  5.28.  Failure  Data  in  Octahedral  Planes  with  Lade  Predictions. 


Failure  Data  in  Triaxial  Plane 
with  Lade  Prediction. 


O 


Lade  Predicted 
Failure  Envelope 


a  =  65.78 


Fig.  5.30.  Predicted  Biaxial  Failure  Envelope 
Based  on  Lade  Failure  Criterion. 


Fig.  5.31.  Failure  Data  in  t  -  a  Plane  with  Lade  Prediction 


Fig.  5.32.  Failure  Data  in  Octahedral  Planes  with  Lade  Predictions. 
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Is,  the  shear  strengths  do  not  decrease  with  Increasing  confining 
pressure  aQ,  simply  because  Lade  does  not  employ  parabolic  meridian 
equations  In  his  formulation.  The  meridians  do,  however,  predict  an 
Increasing  rate  of  shear  strength  (tq)  with  respect  to  a0  faster 
than  they  should. 

Case  VII 

Lade's  criterion  also  calibrated  as  suggested  with  the  same 

Input  strength  data  as  used  for  the  Willam-Warnke  criterion  In  Case 

III.  Again,  the  point  is  to  compare  the  predicted  strength  envelope 

by  Lade  with  that  obtained  using  the  Willam-Warnke  criterion,  each 

calibrated  with  identical  Input  data,  and  to  observe  the  effects  on 

Lade's  criterion  when  using  Input  data  of  mixed  boundary  conditions 

and  specimen  types.  Since  the  Lade  criterion  employs  a  regression 

analysis  to  determine  the  model  parameters,  it  appears  to  be  less 

sensitive  than  the  Wlllam-Warnke  failure  criterion  to  differences  in 

input  data.  Even  with  this  data  coming  from  tests  where  boundary 

conditions  and  specimen  types  differ,  for  this  case  the  Lade 

formulation  predicts  the  strengths  better  by  far  than  the  Willam- 

Warnke  criterion.  Even  though  the  predicted  strength  envelope  is 

very  unconservative  In  comparison  to  the  experimental  strength 

results,  at  least  the  resulting  shape  Is  correct. 

5.2.4  Normality  of  CU-SFRC  With  Respect  to  the  Willam-Warnke 
Failure  Criterion 

Some  constitutive  models  developed  for  concrete  have  utilized 
the  elastlc-perfectly  plastic  model  for  the  post-failure  condition 
In  the  compressive  regime.  In  these  models,  the  failure  surface  Is 
taken  as  the  yield  surface  with  the  assumption  that  the  normality 


Fig.  5.35.  Failure  Data  in  x  -  a  Plane  with  Lade  Prediction 


Envelopes 


Fig.  5.36.  Failure  Data  In  Octahedral  Planes  with  Lade  Predictions. 


Fig.  5.38.  Predicted  Biaxial  Failure  Envelope 
Based  on  Lade  Failure  Criterion. 
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condition  and  associated  flow  rule  is  valid.  One  objection  to  the 
use  of  these  models  Is  that  the  normality  condition  of  Eq.  5.2 
Implies  a  volume  expansion  exceeding  that  which  occurs  In  actual 
concrete  type  materials. 

In  order  to  test  the  validity  of  the  normality  flow  rule  of 

classical  plasticity  for  any  material,  the  plastic  strain 

Increment  vectors  at  failure  need  to  be  calculated.  This  can  be 

accomplished  by  simply  subtracting  the  elastic  component  from  the 

total  strain  Increment  for  all  three  principal  directions,  thus 

determining  the  plastic  strain  contribution.  This  method  Is 

demonstrated  in  Fig.  5.39  for  the  one-dimensional  case  of  a  strain 

hardening  material.  Ce  and  Ce~p  are  the  elastic  and  elastic-plastic 

stiffnesses  respectively.  The  total  elastic  and  total  plastic 
e  P 

strains  are  e  and  e  ,  the  Increments  of  elastic  and  plastic  strains 
e  P 

are  de  and  de  ,  and  do  Is  the  Increment  of  stress  over  which  the 
strains  are  determined.  Once  again,  failure  for  the  CU-SFRC  was 
defined  as  the  point  at  which  volume  expansion  (dilation)  occurred 
along  the  shearing  stress  path  after  the  Initial  contraction  of  the 
specimen  during  hydrostatic  compression. 

Andenes  (8)  measured  these  plastic  strain  Increment  vectors 
from  biaxial  compression  tests  on  mortar  to  ascertain  the  validity 
of  the  normality  principle  on  that  material.  The  tests  were 
conducted  In  the  University  of  Colorado  cubical  cell,  the  same 
apparatus  used  for  this  research.  These  vectors  are  shown  in  Fig. 
5.40.  No  claim  to  normality  can  be  made  on  the  basis  of  these 
resul ts. 


40.  Post-Failure  Strain  Rate  Vectors  of 
Mortar  from  Steel  Plate  Series 
[Andenes  (8 ) J  . 
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The  plastic  strain  Increment  vectors  for  the  CU-SFRC  were 
calculated  In  the  manner  described  above.  If  they  are  to  be  plotted 
on  a  failure  surface,  other  than  an  experimentally  estimated  one, 
then  a  failure  criterion  must  be  chosen  that  accurately  describes 
the  failure  of  this  material.  Both  the  Wlllam-Warnke  and  Lade 
failure  criteria  predict  the  strengths  of  the  CU-SFRC  quite  well, 
when  calibrated  for  this  material  as  discussed  In  Sections  5. 2. 1.1 


and  5. 2. 2.1  respectively.  Therefore  the  Wlllam-Warnke  failure 
criterion  was  arbitrarily  chosen  to  represent  the  failure  surface 
upon  which  the  plastic  strain  Increment  vectors  are  superimposed. 
The  following  figures  show  these  results: 


1) 


Fig.  5.41  Invariant  Plane 


2)  Fig.  5.42  Devlatorlc  (Octahedral)  Plane 

3)  Fig.  5.43  Rendullc  (Trlaxlal)  Plane 

»z  ,s-  n  °x 
[it[]  vs.  {Jz  de£] 


4)  Fig.  5.44  Exploded  View  of  Fig.  5.43 

5)  Fig.  5.45  Rendullc  (Trlaxlal)  Plane 

az  vs.  /?  ey 

[de£]  vs.  [/2  dEJ] 

6)  Fig.  5.46  Exploded  View  of  Fig.  5.45 


JgU  and  are  defined  by  Eqns.  5.5  and  5.7  respectively.  The 


Plastic  Strain  Increment  Vectors  Superimposed 
Envelope  in  Invariant  Plane. 


Fig.  5.42.  Post-Failure  Plastic  Strain  Increment  Vectors 
Superimposed  Upon  Failure  Envelopes  in 
Devi a tori c  Planes. 


Fig.  5.43.  Post-Failure  Plastic  Strain  Increment 
Vectors  Superimposed  Upon  Failure 
Envelope  in  Tri axial  Plane. 


/Tox(ks1)  (/T  dexp  ) 


Fig.  5.44.  Exploded  View  for  Part  of 
Fig.  5.43. 


HI  Ham- Warn  Ice 
Failure  Envelope 


Fig.  5.45.  Post-Failure  Plastic  Strain  Increment 
Vectors  Superimposed  Upon  Failure 
Envelope  in  Triaxial  Plane. 


Fig.  5.46.  Exploded  View  for  Part  of 
Fig.  5.45. 
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first  strain  Invariant  1^  and  the  second  devlatorlc  strain  Invariant 
IgQ  are  defined  as  follows: 


I.  *  ex  +  e2  +  e3 


!2D  *  \  [(el"e2)2  +  < e2“e3 )2  +  (e3-ei)2] 


_  3  2 

■  7  Yo 


(5.52) 


(5.53) 


The  variation  In  the  Invariants  for  the  plastic  strain  Increments 
then  become: 


61 [  =  def  +  de2  +  de? 


(5.54) 


6I2D  “  ^  [(de?-dc?)2  +  (de^-de^)2  +  (de3~<*ef)2]  (5.55) 

1  P  / — F 

Note  that  In  Fig.  5.41  that  1^  and  2/61 20  are  the  plastic  strain 
Increment  Invariant  components  corresponding  to  J1  and  /J2D,  as 
determined  by  Sture  (121). 

Since  the  point  of  all  these  graphs  Is  to  verify  the  normality 
condition  for  the  CU-SFRC,  It  was  felt  unnecessary  to  plot  the 
plastic  strain  increment  vectors  for  each  test  on  separate  figures. 
Therefore  the  Increments  for  all  the  specimens  that  failed  are 
superimposed  on  the  same  graphs.  In  some  cases,  only  one  vector  was 
obtained  because  equipment  breakdown  occurred  at  the  same  time  the 
specimen  failed.  These  are  plotted  at  the  failure  stress  state  for 
that  particular  specimen. 

For  others  tested,  a  higher  deviator  stress  (resulting  in 
Increased  shear  strains)  was  applied  before  the  system  failed  and 
after  dilation  of  the  specimen  began.  For  these,  more  than  one 
plastic  strain  increment  vector  was  calculated;  the  first  at  the 
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onset  of  failure;  the  remaining  at  higher  stress  levels.  They  are 
therefore  plotted  at  the  corresponding  state  of  stress  at  which  they 
were  obtained;  whether  It  be  failure  or  higher.  These  are  shown  in 
all  figures  but  are  best  seen  In  the  Rendullc  plane,  l.e.  Figs.  5.43 
and  5.45.  For  Instance  examine  the  exploded  sections  of  these  two 
figures,  shown  In  Figs.  5.44  and  5.46  for  the  TC  stress  path  at  the 
confining  pressure  aQ  of  4  ksi.  The  line  labeled  (l)  is  the  plastic 
strain  Increment  vector  for  specimen  F1A1.  Only  one  vector  was 
obtained  for  this  specimen  for  reasons  just  described.  The  lines 
1,2, 3, 4  and  5  are  the  vectors  for  specimen  F2B2.  As  seen  In  Figs. 
5.44  and  5.46  the  vectors  are  plotted  starting  with  the  first,  at 
failure,  then  Increasing  to  the  fifth  for  corresponding  states  of 
stress  post-failure.  Shown  In  all  the  figures,  the  CU-SFRC  exhibits 
little  volume  dilatancy  at  failure  but  then  tends  to  dilate  more, 
the  farther  beyond  failure  the  stress  state  goes.  That  Is,  with 
increasing  deviator  stress  beyond  the  failure  state,  the  plastic 
strain  Increment  vectors  rotate  and  approach  the  normal  to  the 
failure  surface.  In  an  elastic-perfectly  plastic  plasticity  model, 
the  normality  condition  is  assumed.  This  would  give  rise  to  a 
volume  dilatancy  during  plastic  straining  exceeding  that  which 
occurs  in  the  CU-SFRC  tested  here,  if  this  plasticity  model  were 
used  to  predict  the  behavior  of  this  material. 

In  conclusion,  for  plasticity,  the  plastic  strain  increment 
vectors  are  always  perpendicular  to  the  potential  surface.  For 
associated  flow,  the  potential  and  yield  surfaces  coincide.  If  one 
assumes  the  yield  and  failure  surfaces  are  the  same  for  concrete  and 
that  concrete  follows  the  associated  flow  rule,  then  for  an 
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elastic-perfectly  plastic  model,  the  plastic  strain  increment 
vectors  must  be  normal  to  the  failure  surface  for  the  concrete  to 
flow  as  a  perfectly  plastic  material.  The  CU-SFRC  does  not  behave 
in  this  fashion  as  previously  explained  and  shown  in  figure  form. 
Therefore,  no  claim  to  normality  can  be  made  for  this  material. 

Although  there  are  theoretical  objections  to  the  use  of  the 
plasticity  model  for  plain  concrete,  reasonable  results  have  been 
obtained  for  practical  problems  such  as  those  involving  prestressed 
concrete  reactor  vessels  (11,13).  Since  the  steel  fiber  reinforced 
concrete  has  been  proven  to  be  a  more  ductile  material  than  plain 
concrete,  perhaps  even  better  results  would  be  obtained  if  one  uses 
the  plasticity  model  for  this  material. 

5.3  Simple  Formulation  of  Multi  axial  Concrete  Behavior1 

Predicting  the  stress-strain  behavior  of  concrete  structures  by 
the  finite  element  method  requires  as  key  input  some  constitutive 
relations  for  the  concrete  that  can  model  its  nonlinear  response 
when  subjected  to  multi  axial  states  of  stress.  Many  formulations 
have  been  developed  which  attempt  to  model  this  behavior,  with 
various  degrees  of  success.  The  CU-SFRC  has  exhibited  behavior  when 
subjected  to  tri axial  stresses  similar  to  that  observed  for  plain 
concrete.  Therefore  a  formulation  that  predicts  the  behavior  of 
plain  concrete  should  also  work  well  for  the  CU-SFRC.  In  this 


1  Parts  of  this  section  are  a  rewritten  summary  taken  from  Gerstle 
(48),  Gerstle  and  Cornelius  (49)  and  personal  communication  with 
both  Gerstle  and  Cornelius. 
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section  a  description  Is  given  of  a  "Simple  Formulation"  developed 
by  Gerstle  (48)  and  Improved  upon  by  Gerstle  and  Cornelius  (49)  to 
predict  the  behavior  of  concrete  under  multi  axial  stresses.  It  will 
be  tested  here  on  the  CU-SFRC. 

The  simple  formulation  Is  Intended  to  predict  the  principal 
strains  due  to  monotonlcally,  but  not  necessarily  proportionally. 
Increasing  compressive  stresses.  The  theory  cannot  handle  tensile 
stresses  nor  is  It  capable  of  predicting  behavior  under  cyclic  loads 
when  stiffness  degradation  occurs.  In  addition.  Inherent  material 
anisotropy  and  Induced  by  previous  stress-histories  are  not 
considered  in  this  formulation. 

The  theory  stems  from  experimentally  observed  octahedral 
stress-strain  and  strength  results.  It  Incorporates  the  use  of 
three  variable  material  moduli  which  In  conjunction  with  the 
octahedral  stresses  calculated  from  given  principal  stress 
increments  are  used  to  predict  the  octahedral  strains  and 
consequently  the  principal  strains. 

The  problem  may  In  general  be  stated  as  follows: 

Given:  existing  principal  stress  state  01,02  03,  and 
principal  stress  Increments  da1.d02.da3  . 

Find:  corresponding  principal  strain  increments  dei, 
de2 ,  de3  . 

The  octahedral  normal  and  shear  stresses  (o„,t„)  and  strains 

00  0  0 

are  defined  by  the  relations 


°o  =  I  (<Jl  +  °2  + 


(5.56) 


tQ  =  •jV  (  CTj  -<?2  ) 2  +  (02-03) 2  +  (03-01)  2 
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where  s^  is  the  stress  deviator  tensor  defined  as 
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where  e^  is  the  strain  deviator  tensor 


defined  as 


eij  =  Eij  "  eo  6ij 
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(5.57a) 

(5.57b) 

(5.57c) 

(5.58) 

(5.59) 
(5.60a) 
(5.60b) 
(5.60c) 


(5.61) 


The  incremental  octahedral  normal  and  shear  stresses  (a<j0,At0) 
and  strains  (Ae0>Ay0)  defined  by  Gerstle  (48)  are  valid  only  for 
proportional  loading.  Therefore  in  order  to  be  valid  for 
non-proportional  loading,  the  incremental  octahedral  normal  and 
shear  stresses  (dc0,dTQ)  and  strains  (de0,dy0)  need  to  be  redefined 


as  follows. 


d(jQ  =  -j  (di?!  +  do2  +  dc3) 

=  y  d au  . 


(5.62a) 


(5.62b) 
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The  octahedral  stress  Increments  defined  by  Eqs.  5.62  and  5.65 
are  now  valid  for  any  loading  condition,  proportional  or 
non-proportional,  as  long  as  the  Increments  In  principal  stresses, 
I.e.  the  step  size  chosen,  remain  small.  These  octahedral  stress 
increments  are  related  to  the  octahedral  strain  Increments  of  Eqs. 
5.63  and  5.66  through  three  variable  material  moduli  by  the 
following  constitutive  relations: 


w 


(5.67a) 


dy 


% 

°  "*W  * 


(5.67b) 


The  three  moduli  K^.,  G-j.  and  are  tangent  values  depending  on  the 
current  stress  state.  Ky  is  the  bulk  modulus,  relating  volumetric 
stresses  with  strains  and  G-  is  the  shear  modulus  relating 
devlatoric  stresses  with  strains.  The  coupling  modulus  H^.  accounts 
for  the  volume  change  of  the  material  caused  by  stress  deviation, 
which  has  been  observed  to  occur  in  the  CU-SFRC  as  shown  in  Figs. 
4.101-4.106.  The  expressions  developed  for  these  moduli  with 
respect  to  the  CU-SFRC  will  be  discussed  later. 

The  octahedral  normal  and  shear  strain  increments  are 


determined  from  the  constitutive  relations  in  Eq.  5.67,  from  given 
stress  increments.  These  octahedral  strain  increments  must  now  be 


transformed  to  principal  strain  increments  dei»  de2  and  de3.  With 
three  unknowns,  three  equations  are  needed,  two  of  which  are 
provided  by  Eqs.  5.63  and  5.66.  The  third  stems  from  the  assumed 
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coaxiality  of  the  principal  deviator  stress  and  strain  Increment 
vectors  ds  and  de.  That  Is: 


ds2  de2 

dsx  deL 

do? -dc_ 

de2-deQ 

doi -da 

1  0 

dei-d£o 

(5.68) 


where  B  is  a  constant.  Solving  Eqs.  5.63,  5.66  and  5.68 
simultaneously  for  the  principal  strain  Increments  results  In 


dei  =  deQ  +  de^  (5.69) 

de2  =  deQ  +  de2  (5.70a) 

=  deQ  +  3  .  de:  (5.70b) 

de3  =  deQ  +  de3  (5.71a) 

=  deQ  -  (B+l)  .  der  .  (5.71b) 


det  =  de  + 

1  0 

Cl*dT0 

(5.73) 

dc2  *  de.  + 
z  0 

B-Ci.dYo 

(5.74) 

de3  =  de.  - 
3  0 

(B+l)»C1»dy0  . 

(5.75) 

For  the  first  load  step  (Initial  values  of  stress  equal  to  zero), 
the  parameter  CL  Is  undefined.  Since  the  total  principal  strains 
and  Increments  of  principal  strains  are  the  same  for  the  first  load 
step,  the  vt\lue  of  Cx  reduces  to 


y  * 
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C  "V  2  *  1  +  B  +  B2 

which  is  the  same  as  the  definition  given  by  Gerstle  (48)  for 


(5.76) 


proportional  loading.  Note  also  that  for  proportional  loading,  the 
increments  of  stresses  and  strains  defined  above  in  Eqs.  5.62-5.66 
reduce  to  those  given  by  Gerstle  (48). 


5.3.1  Representation  of  Moduli 


Deviatoric  Stress-Strain  Relations 


As  a  result  of  the  work  conducted  by  Gerstle,  et.  al_.  (50), 

deviatoric  (t  -y  )  stress-strain  curves  were  obtained  for  concrete 
o  '  o 

under  monotonically  increasing  biaxial  and  tri axial  loads.  Gerstle 
(47,48)  later  observed  that  these  curves  can  be  expressed  by  an 
exponential  form,  analogous  to  creep  curves  for  a  Kelvin  element  as: 


to  =  *ou  C1  -  e 


(5.77) 


Differentiating  this  with  respect  to  yQ  to  find  the  tangent  shear 
dTo 

modulus  G  ,  i.e.  - =  2G  and  solving  for  G  results  in  a  linearly 

T  dYo  T  T 

decreasing  relationship  as 


V'-f  > 

ou 


(5.78) 


Gn  is  the  initial  shear  modulus  and  x  .  is  the  octahedral  shear 

strength.  Gerstle  (47,48)  suggests  that  xQU  is  to  be  selected  as 

the  shear  strength  obtained  from  tests  leading  to  ductile  failure. 

According  to  plasticity  theory,  ductile  failure  occurs  when  the 

shear  modulus  <»,  =  0.  This  value  of  t  could  then  be  measured 
~  ou 

directly  from  experiment  or  predicted  by  a  suitable  failure 
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criterion  (134,79)  that  has  been  calibrated  from  the  experimental 
results.  It  remains  to  determine  the  Initial  shear  modulus  Gg.  It 
could  be  calculated  through  the  elastic  relation  as 


G 


0 


E 

2( 1+v) 


(5.79) 


where  the  modulus  of  elasticity  E  and  Poisson's  ratio  v  can  be 

measured  from  a  uniaxial  compression  test.  Gg,  for  the  CU-SFRC,  was 

not  determined  in  this  manner  for  several  reasons.  First,  although 

the  modulus  E  from  uniaxial  compression  tests  on  3  x  6  In.  cylinders 

was  measured  as  3720  ksi,  Poisson's  ratio  v  was  not  determined. 

Secondly,  E  and  v  measured  from  the  stepped-loading  sequence  on 

cubical  specimens,  described  in  Section  4.3.3  (assuming  isotropy), 

were  2487  ksi  and  0.057  respectively,  which  are  quite  different 

results.  Thirdly,  In  an  unconfined  compression  test,  the  specimen's 

stress  state  is  comprised  of  both  normal  and  shear  stresses 

simultaneously.  However,  in  the  stress  paths  employed  in  the 

cubical  tests,  aside  from  the  stepped  loading,  shearing  did  not 

begin  until  the  hydrostatic  compression  part  of  the  test  was 

completed.  Therefore  Gg  calculated  from  elasticity  using  E  and  v 

measured  from  an  unconfined  compression  test  may  inaccurately 

represent  the  shear  modulus  which  could  be  determined  from  the 

t0-y0  curves  during  pure  shearing  of  the  cubical  specimens. 

Finally,  trying  to  estimate  a  value  of  Gg  from  the  Gt-tq  summary 

curves  (when  t  =0)  shown  in  Fig.  4.87  would  be  very  difficult 
o 

because  of  the  large  amount  of  scatter  present.  For  these  reasons, 
Gg  was  determined  for  the  CU-SFRC  in  the  following  manner. 
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First  of  all,  the  xq-y0  experimental  curves  were  assumed  to 
have  the  exponential  form  proposed  by  Gerstle  (47,48)  and  given  In 
Eq.  5.77.  Rewriting  this  equation  to  the  form 


-2G0 

^T° 


1  - 


OU 


(5.80) 


and  taking  the  natural  log  of  both  sides  gives 
-2Gn  x 

—  ,  in  (i  -  _2_  )  . 

Tou  0  ^  "ou 


(5.81) 


Solving  for  yQ: 


Y  =-^ln(  1--SL) 

0  ^0  Tou 


(5.82) 


or  terms  of  the  common  log 

-  In  (10)  x 


Yo  ' 


ou 


(5.83) 


Plotting  yq  vs.  log  (1 

-tn(10)x 
slope  of  - 


ou 


if 


- }  should  give  a  straight  line  with  a 

Tou 

the  t0-y0  experimental  curves  do  behave 


according  to  the  exponential  relationship  given  by  Eq.  5.77.  In 

Eq.  5.83,  x_  and  y„  are  from  experiment  and  x„  is  the  shear 
o  '  o  ou 

strength  which  for  the  CU-SFRC  was  calculated  from  the  Willam-Warnke 
failure  criterion  (134)  described  in  Section  5. 2. 1.1.  Gq  is  the 
unknown  In  this  equation.  With  the  slope  obtained  from  the  figure, 
and  xQU  known,  Gq  can  easily  be  calculated. 


Two  examples  of  this  method  are  shown  In  Fig.  5.47  for 
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specimens  F1D6  and  F1C4.  These  curves  originate  from  the  right-hand 

xQ 

side,  when  x  =0.  Notice  that  the  y0  vs.  log  (1  — -  )  results  are 

not  entirely  linear  for  either  specimen.  This  is  because  the 

experimental  xq-y0  curves  do  not  exactly  possess  the  exponential 

form  prescribed  by  Eq.  5.77.  However,  between  steps  1  and  11  for 

F1D6  and  steps  4  and  13  for  F1C4,  the  exponential  form  is  a  good 

approximation.  These  ranges  are  also  shown  on  the  respective  x  -y0 

curves  in  Figs.  4.42  and  4.48.  Therefore  within  these  ranges,  a 

linear  regression  was  performed  to  determine  the  best  fit  line  and 

to  calculate  its  slope  and  subsequently  Gq.  If  this  linear  range 

did  not  include  points  near  the  origin  of  the  xq-y0  curves,  then 

those  specimens  were  not  used  as  part  of  the  sample.  The  results  of 

this  procedure  are  shown  in  Fig.  5.48  where  the  initial  shear  moduli 

for  all  the  tests  are  plotted  as  a  function  of  the  confining 

pressure  aQ  and  stress  path.  The  reason  is  to  see  if  there  are  any 

confining  pressure  and/or  stress  path  dependencies  related  to  Gq. 

Considerable  scatter  is  present  in  this  figure  but  on  the  average 

it  appears  the  GQ  goes  from  the  greatest  to  the  least  in  the  TE,  SS, 

TC  stress  path  order.  This  is  consistent  with  the  x  -v  behavior 

o  'o 

observed  and  discussed  in  Chapter  4.  However,  any  conclusions  about 
Gq  being  dependent  on  the  confining  pressure  aQ  are  difficult  to 
make  except  that  on  the  average  for  the  TC  tests  Gq  decreases  as  aQ 
increases.  It  seems  that  more  tests  would  have  to  be  conducted 
before  any  substantial  conclusions  can  be  made. 


< 


L 
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It  still  remains  to  determine  one  value  of  GQ  to  use  in  the 
simple  formulation.  From  the  method  just  described,  an  overall 
average  value  of  the  initial  shear  modulus  was  determined  to  be 
Gq=1969  ksi.  This  is  the  value  that  will  be  used  in  the  simple 
formulation  for  the  behavior  predictions  of  the  experimental 
results.  Fig.  5.49  shows  the  normalized  Gj/Gq  vs.  xq/x  curves 
where  Gn=1969  ksi  and  z  is  calculated  from  the  Willam-Warnke 
failure  criterion  (134)  described  in  Section  5.2. 1.1.  The  straight, 
solid  line  is  defined  by  Eq.  5.78,  the  basis  for  part  of  the  simple 
formulation.  The  straight,  dashed  line  will  be  discussed  later. 
Volumetric  Stress-Strain  Relations 

In  addition  to  the  deviatoric  stress-strain  curves  obtained  by 
Gerstle,  et.  al_.  (50),  volumetric  stress-strain  curves  ioQ-tQ)  were 
also  obtained.  Gerstle  (47,48)  suggests  that  the  bulk  modulus  KT 

da 

describing  this  volumetric  behavior,  i.e.  -j—-  =  3  KT,  can  be 

Qeo 

represented  by  a  linearly  decreasing  relationship  as 


KT=K0(1-*^) 


(5.84) 


Kq  is  the  initial  bulk  modulus  and  a  is  an  experimentally  obtained 

constant,  a  is  not  the  normal  stress  at  failure  due  to 
ou 

hydrostatic  compression  alone.  Rather  it  is  the  normal  stress  which 
exists  when  failure  due  to  shear  takes  place.  The  a  term  stems  from 
the  fact  that  during  a  pure  hydrostatic  compression  test,  the 
tangent  bulk  modulus  Ky  does  not  decrease  to  zero  with  increasing 
confining  pressure.  If  it  did,  failure  under  hydrostatic 
compression  would  occur,  a  phenomenon  that  is  not  possible.  The 


determination  of  this  constant  will  be  discussed  later.  Kg  could  be 
determined  from  an  unconfined  compression  test  through  the  elastic 
relation 


K0  =  3(1 -7vT  ' 


(5.85) 


Analogous  to  Gg,  Kg  for  the  CU-SFRC  was  not  determined  in  this 
manner.  Another  way  would  be  to  estimate  a  value  for  KQ  from  the 
Ky-aQ  summary  curves  shown  on  Fig.  4.79.  However,  so  much  scatter 
is  present  here  that  similar  to  Gg,  a  more  systematic  and  consistent 

approach  was  taken  to  find  Kg.  The  following  discussion  describes 
this  procedure. 

Based  on  the  linearly  varying  tangent  bulk  modulus  relation 
proposed  by  Eq.  5.84,  a  volumetric  stress-strain  relation  (aQ-e0) 
can  be  derived  having  an  exponential  form  similar  to  that  given  for 
the  deviatoric  curves  in  Eq.  5.77.  Integrating  Eq.  5.84  and 
evaluating  the  constants  results  in 


_  aou  n  dou 

an  - -  (1  -  e 

o  a  *■ 


(5.86) 


The  Oq-Eq  experimental  results  were  then  assumed  to  take  this  form. 
Following  the  same  procedure  given  in  Eqs.  5.80-5.83,  and  solving 
for  eQ  gives 


-ln(10)  « 


log  (1  -  oc  )  . 


(5.87) 


Plotting  e  vs.  log  (1  -  a  - )  should  give  a  straight  line  with  a 

0  ^ou 
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-ln<10)  o 

slope  of  — ^ - -  If  the  aQ-tQ  experimental  curves  have  the 

exponential  form  given  by  Eq.  5.86.  In  these  relations,  aQ  and  eQ 

are  from  experiment  and  a  Is  calculated  on  the  basis  of  the  known 

ou 

stress  path.  For  pure  hydrostatic  loading  followed  by  monot.onic 
shear  deviation  to  failure  at  a  constant  confining  pressure,  oQU  Is 
the  value  of  the  confining  pressure  at  which  shear  failure  occurs. 
Two  unknowns  remain  In  Eq.  5.87:  o  and  Kg.  There  Is  no  unique 
solution,  therefore  a  was  estimated  from  Fig.  4.79  as  0.52.  With 
the  slope  obtained  from  this  procedure.  Kg  can  be  calculated. 

The  same  two  examples  used  to  demonstrate  the  determination  of 
Gg  are  used  here  to  find  Kg:  F106  and  F1C4.  Fig.  5.50  shows  the 
results.  Again,  complete  linearity  does  not  exist  because  the 
exponential  form  proposed  by  Eq.  5.86  does  not  predict  the 
experimental  aQ-eQ  results  exactly.  Therefore  a  linear  regression 
was  conducted  between  steps  4  and  11  for  F1D6  and  7  and  16  for  F1C4 
because  between  these  points,  the  relation  is  valid.  From  the 
slopes  of  the  best  fit  lines.  Kg  was  easily  calculated.  Figs.  4.42 
and  4.48  show  these  ranges  on  respective  oQ-e0  curves.  This  same 
procedure  was  followed  for  all  the  specimens  and  an  overall  average 
value  of  the  Initial  bulk  modulus  was  found  to  be  Kg  =  1622  ksl. 

Fig.  5.51  shows  the  normalized  Ky/Kg  vs.  oQ/aQ[J  experimental  curves 
with  the  straight,  solid  line  representing  the  linearly  varying  bulk 
modulus  formulation  given  by  Eq.  5.84  with  a  =  0.52  that  will  be 
used  in  the  simple  formulation  to  predict  the  behavior  of  the 
experimental  results. 

I 

! 
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Determining 


Coupling  Relations 

Gerstle,  et.  a1_.  (50)  observed  that  plain  concrete  exhibits  a 
volume  change  due  to  stress  deviation  as  shown  in  Fig.  1.16.  This 
phenomenon  is  expressed  by  the  coupling  modulus  HT  according  to 

Eq.  5.67a  where  Hy  is  the  slope  of  the  TQ-e0  curves,  i.e. 
d-r 

Hy  =  .  This  observed  volume  change  during  deviatoric  loading 

was  found  to  be  essentially  linear,  possessing  a  constant  slope  at 
constant  confining  pressure  aQ.  However,  it  was  observed  that  the 
coupling  modulus  decreased  radically  with  increasing  confining 
pressure  aQ  as  shown  in  Fig.  1.18.  Gerstle  (48)  developed  an 
analytical  function  relating  the  coupling  modulus  Hy  with  aQ  by  a 
hyperbola  of  the  following  form: 

HT  *  a  +  J  a  >  c  (5.88) 

l  a0- c  o 

where  a  and  c  are  the  horizontal  and  vertical  asymptotes  of  the 
hyperbolic  relation,  raspectively ,  and  b  governs  the  shape.  Notice 
that  for  <_  c,  no  coupling  between  volume  change  and  shear 
deviation  occurs,  as  observed  by  Gerstle,  et.  aK  (50). 

The  same  phenomenon  of  volume  change  under  shear  deviation  was  seen 
to  occur  in  the  CU-SFRC  as  demonstrated  in  Figs.  4.41-4.68  for 
individual  specimens  with  average  results  shown  in  Figs. 

4.101-4.106.  The  coupling  is  essentially  linear  until  volume 
dilation  (failure  as  defined  in  this  report)  takes  place  and  was 
found  to  be  a  function  of  the  confining  pressure  oQ.  Therefore  the 
same  relation  given  by  Eq.  5.88  is  used  relating  Hy  with  oQ.  It 
remains  to  determine  the  three  constants  a,  b  and  c  since  those 
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given  by  Gerstle  (48)  are  not  valud  for  the  CU-SFRC  because  this 
material  has  exhibited  stiffer  behavior  than  plain  concrete.  The 
procedure  is  described  below. 

Since  the  coupling  between  t  and  e  shown  in  Figs.  4.41-4.68 

oo 

is  essentially  linear,  a  linear  regression  through  the  TQ-e0data 

below  the  dilation  point  was  performed  on  all  the  results  to 

determine  the  best  fit  lines  and  consequently  the  slopes  Hy.  These 

values  are  plotted  vs.  the  confining  pressure  aQ  and  shown  in  Fig. 

5.52.  Since  three  levels  of  hydrostatic  stress  were  employed  in 

this  research,  average  Hj  values  at  those  pressures  were  calculated 

in  order  to  determine  the  three  constants  a,  b  and  c  given  in  Eq. 

5.88.  These  values  are: 

aQ  (ksi)  Ht  (ksi) 

4  13,390 

6  8,000 

8  6,140 

Substituting  these  three  average  data  points  into  Eq.  5.88  results 
in  three  equations  which  when  solved  simultaneously  for  the  unknowns 
a,  b  and  c  result  in: 

a  =  2,300  ksi  (horizontal  asymptote) 
b  =  23,450  ksi2  (5.89) 

c  =  1.885  ksi  (vertical  asymptote) 

Eq.  5.88  becomes: 

ht  *  2, 300  +  — r~  (ksi)  (5.90) 

1  <j  -1.885 

0 

with  aQ  >  1.885  ksi.  This  hyperbolic  curve  is  also  shown  on  Fig. 
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Fig.  5.52.  Variation  in  Coupling  Modulus  H- 
with  Confining  Pressure  CQ.  ’ 
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5.52.  As  Gerstle  (48)  suggests,  the  data  base  for  determining  the 
coupling  relation  Hy  must  be  considered  as  very  preliminary. 

5.3.2  Experimental  Verification  of  the  "Simple  Formulation" 
with  the  CU-SFRC 

The  CU-SFRC  triaxial  test  program  is  described  in  Section  2.8, 
where  the  specimens  were  loaded  hydrostatically  to  a  predefined 
level  of  hydrostatic  stress,  followed  subsequently  by  monotonic 
shear  deviation  at  constant  confining  pressure  to  failure  along 
either  the  TC,  SS  or  TE  stress  path  as  shown  in  Figs.  2.31  and  2.32. 

The  incremental  octahedral  stresses  and  strains  defined  by 
Eqs.  5.62-5.66  are  general  and  valid  for  non-propotional  loading  as 
long  as  the  step  sizes  remain  small.  But  for  the  CU-SFRC  research, 
proportional  loading  was  employed,  therefore,  these  relations  reduce 
to  those  given  by  Gerstle  (47,48).  No  non-proportional  loading 
tests  were  conducted,  therefore  verification  of  Eqs.  5.62-5.66  is 
not  possible. 

Some  sort  of  failure  data  determined  experimentally  or 
analytically  is  required  in  the  simple  formulation  to  define  the 
tangent  shear  modulus  relation  given  by  Eq.  5.78.  The  CU-SFRC  tests 
were  carried  to  failure,  thus  permitting  the  determination  of  the 
failure  envelope.  The  Willam-Warnke  failure  criterion  (134) 
calibrated  for  this  material  as  described  In  Section  5. 2. 1.1  was  the 
analytical  model  used  to  predict  the  strengths  required  for  the 
simple  formulation. 

The  relations  for  the  moduli  GT,  KT  and  Hy  given  by  Eqs.  5.78, 
5.84  and  5.90  with  GQ  *  1969  ksi ,  KQ  =  1622  ksl  and  a  =  0.52,  In 
conjunction  with  the  constitutive  relations  given  in  Eqs.  5.67 


permit  the  prediction  of  the  principal  strain  Increments  (Eqs. 
5.73-5.75)  and  subsequently  principal  strains  from  given  principal 
stress  increments. 

Figs.  5.53-5.61  show  the  principal  stress-strain  summary  curves 
for  all  the  experimental  results.  The  stress  path  (TC,$S  or  TE)  and 
level  of  hydrostatic  stress  at  which  shear  deviation  occurred 
(oom  =  4,  6  or  8  ksi)  are  given  in  the  figures.  Note  that  the  major 
principal  stress  oi  is  normalized  with  respect  to  cjQm.  Superimposed 
on  these  curves,  by  dashed  lines,  are  the  predictions  employing  the 
simple  theory  where  the  variations  in  the  bulk  and  shear  moduli  are 
shown  by  solid  lines  on  Figs.  5.51  and  5.49  respectively.  The 
dashed-dot  lines  shown  were  obtained  by  using  a  different  shear 
modulus  relation,  given  by  the  dashed  line  on  Fig.  5.49,  but  employ 
the  same  bulk  modulus  relation.  These  will  be  discussed  later. 

The  purpose  of  the  simple  formulation  is  to  predict  the 
principal  strains  from  given  principal  stresses.  Therefore 
octahedral  stress-strain  results  showing  the  comparisons  between 
experiment  and  the  predictions  by  the  simple  formulation  are  not 
presented. 

On  the  average,  the  simple  formulation  predicts  the  response 
during  hydrostatic  compression  as  well  as  can  be  expected  in  light 
of  the  amount  of  scatter  present.  After  hydrostatic  compression, 
the  predictions  are  good  for  the  lower  levels  of  shear  deviation  but 
then  become  more  compliant  than  what  is  seen  experimentally  in  all 
cases.  This  can  be  explained  by  the  shear  modulus  variation 
used,  as  shown  by  the  solid  line  in  Fig.  5.49  where  for  a  given 
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Fig.  5.56.  Principal  Stress-Strain  Summary  Results  with  Predictions  from  the  "Simple  Formulation 


Principal  Stress-Strain  Summary  Results  with  Predictions  from  the  "Simple  Formulation 


Fig.  5.60.  Principal  Stress-Strain  Summary  Results  with  Predictions  from  the  "Simple  Formulation 
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shear  stress  xQ,  at  the  higher  levels,  the  modulus  Gy  calculated 
from  the  relation  is  lower  than  what  is,  on  the  average,  seen 
experimentally.  This  stems  from  the  calculation  of  the  failure 
strengths  tou,  in  which  dilation  was  chosen  as  failure  resulting  in 
lower  strengths  than  would  be  obtained  had  a  ductile  failure 
definition  been  used.  Examining  the  average  tangent  shear  modulus 
vs.  octahedral  shear  stress  curves  (TT^. — cQ)  shown  in  Figs.  4.89-4.91, 
one  can  determine  the  ductile  failure  strengths  by  extrapolating 
these  curves  to  find  the  value  of  xQ  at  which  the  tangent  shear 
modulus  Gy  becomes  zero.  Doing  this  for  all  the  results,  one  finds 
that  on  the  average,  the  strengths  predicted  employing  the  ductile 
failure  definition  are  about  15%  higher  than  those  determined  from 
the  failure  as  dilation  criterion. 

If  the  ductile  failure  strength  envelope  Is  employed  in  a  new 
shear  modulus  variation  as  shown  by  the  dashed  line  in  Fig.  5.49  is 
obtained.  Then  for  a  given  shear  stress  xQ,  the  shear  modulus  Gy 
predicted  is  shown  to  better  match  the  experimental  results. 
Employing  this  relation  in  the  simple  formulation  results  in 
stiffer,  better  predicted  response  on  the  average  during  shear 
deviation,  especially  at  the  higher  levels,  as  shown  by  the 
dashed-dot  lines  in  Figs.  5.53-5.61. 

Notice  also  in  the  figures  that  the  volumetric  stress-strain 
curves  during  shear  deviation,  regardless  of  which  shear  modulus 
variation  Is  used,  are  linear  to  failure.  This  is  because  the 
coupling  modulus  Hy  calculated  from  Eq.  5.90  Is  constant  for 
constant  confining  pressure.  Therefore  the  coupling  between  shear 
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deviation  tq  and  volumetric  response  ey  must  be  linear. 

Consequently,  with  the  coupling  relation  as  It  stands,  the  simple 
formulation  cannot  predict  the  behavior  after  failure. 

The  question  arises  as  to  the  definition  of  failure.  Should  It 

be  defined  as  the  point  at  which  dilation  of  the  specimen  occurs,  or 

should  It  be  determined  from  the  ductile  failure  definition 

according  to  plasticity  theory  when  Gy  *  0  as  suggested  by  Gerstle 

(47,48)?  One  could  argue  both  points.  Certainly,  failure  defined 

by  dilation  Is  conservative  In  comparison  with  ductile  strengths. 

Problems  arise  In  using  the  latter  when  a  fluid  cuslon  testing 

apparatus  Is  employed,  simply  because  one  never  gets  a  ductile 

failure  In  such  a  device,  whereas  specimen  dilation  can  be  obtained 

quite  consistently.  If  one  desires  to  determine  the  ductile 

strengths,  then  the  results  must  be  plotted,  allowing  through 

extrapolation,  the  estimation  of  the  strengths  tqu  where  Gy  =  0. 

This  procedure  Is  much  easier  than  trying  to  "guess"  the  value  of 

t  at  which  (L.=0  from  a  devlatorfc  stress-strain  (t  -Y  )  curve, 
ou  i  o  'o 

All  In  all,  the  overall  correlation  between  the  experimental 
results  and  the  predictions  by  the  simple  formulation,  using  both 
shear  modulus  relations.  Is  satisfactory.  The  formulation  appears 
to  capture  some  of  the  essential  characteristics  of  the  response  for 
the  type  of  stress  paths  employed  here. 

Some  of  the  drawbacks  of  the  simple  formulation  were  given  In 
the  first  part  of  this  section.  In  short,  the  theory  Is  Incapable 
of  predicting  the  behavior  under  tensile  or  cyclic  loads.  Material 
anisotropy  Is  not  Incorporated  Into  the  formulation  because  the 
assumption  of  Isotropy  Is  made  In  order  to  be  able  to  assume  the 


coaxiality  of  the  incremental  deviatoric  stress  and  strain  vectors, 
ds2  de2 

namely  as  given  by  Eq.  5.68.  Stress  Induced  anisotropy 

from  previous  stress  histories  are  not  considered  either.  Some 
additional  drawbacks  are  given  below. 

With  the  proposed  exponential  deviatoric  stress-strain  ( t0~y0 ) 

relation  given  by  Eq.  5.77,  the  simple  formulation  cannot  predict 

post-peak  behavior,  i.e.,  the  descending  branch  of  the  stress-strain 

curve,  because  this  relation  has  an  asymptote  at  t  =x  ,,  and  has  no 

o  ou 

descending  branch.  Dilatation  cannot  be  predicted  either  because 
the  proposed  coupling  modulus  relation  is  a  function  of  confining 
pressure  only. 

At  this  time,  the  simple  formulation  does  not  take  into  account 
the  dependency  on  the  stress  path,  i.e.  the  effect  of  the  third 
stress  Invariant  is  not  Included  except  in  the  calculations  of  the 
shear  strength  xQU.  These  latter  calculations  for  shear  strength 
are  based  on  the  Wlllam-Warnke  failure  criterion  which  does  Include 
the  third  stress  Invariant  in  calculating  the  failure  envelope.  Any 
other  criterion  that  Incorporated  this  would  be  suitable  as  well. 

In  this  way,  the  shear  stiffness  relation  proposed  for  the  material 
becomes  dependent  on  the  stress  path  because  it  incorporates  xQU  In 
Its  calculation.  However  if  the  Drucker-Prager  failure  criterion 
had  been  employed,  a  circular  failure  envelope  in  the  deviatoric 
plane  would  result,  making  the  simple  formulation  totally 
independent  of  the  stress  path. 


CHAPTER  6 
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SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  WORK 

6.1  Summary 

In  this  investigation,  two  sets  of  tests  were  conducted.  The 
first  consisted  of  basic  tests  on  five  concretes  with  different 
randomly  oriented  steel  fibers.  The  purpose  was  to  aid  in  the 
determination  of  one  steel  fiber  reinforced  concrete  for  the  second 
set  of  tests  where  the  strength  and  deformational  response  of  the 
material  subjected  to  multi  axial  compressive  stresses  along  three 
different  monotonic  stress  paths  was  studied.  In  both  sets,  all 
tests  were  conducted  in  triplicate,  and  the  results  of  the  second 
set  of  comprehension  tests  were  used  to  calibrate  several 
constitutive  models  for  predicting  the  strength  and  behavior  of  the 
steel  fiber  reinforced  concrete  under  multi  axial  compressive  loads. 

6.2  Conclusions 

The  addition  of  steel  fibers  to  the  plain  concrete  mix 
definitely  decreases  the  workability  of  the  mixture  but  by  no  means 
were  any  of  the  mixes  unworkable  because  the  volume  percentage 
employed  remained  well  below  the  critical  volume  percentage.  It  was 
observed  that  the  workability  decreased  as  the  fiber  aspect  ratio 
(or  length)  Increased,  primarily  in  the  placing  and  vibrating  the 
concrete  into  the  molds.  However,  all  fibers  performed  well  during 


i 

J 


428 


mixing  and  good  workability  was  achieved  for  all  the  mixes  at  the 
0.6$  fiber  volume  percentage. 

It  is  concluded  from  the  preliminary  test  series  that  the 
addition  of  steel  fibers  to  concrete  Increases  the  ductility, 
toughness,  stiffness  and  strength  of  the  material.  It  was  found 
that  the  fiber  aspect  ratio  should  not  be  singled  out  as  the  only 
parameter  that  affects  the  material  properties.  Other  fiber 
properties  should  be  considered  as  well.  For  Instance,  the 
compressive  strength  was  found  to  Increase  proportionally  with  the 
number  of  fibers  per  cubic  Inch  of  concrete.  At  the  same  time,  an 
inverse  relationship  was  found  between  the  fiber  length  and  aspect 
ratio  with  compressive  strength  whereas  the  material's  tensile 
strength  increased  proportionally  with  increasing  fiber  length.  It 
was  also  noticed  that  the  deformed  ends  on  the  "Dramix"  fibers  added 
to  the  fiber  development  length  in  comparison  with  the  straight 
"Fibercon"  fibers. 

Quantitative  values  of  the  strengths  with  percentage 
improvements  over  the  same  plain  concrete  mix  properties  are  given 
in  TABLE  3.2  for  all  the  mixes  in  the  preliminary  test  series. 

From  the  preliminary  test  results,  it  was  necessary  to  make  a 
decision  as  to  which  fiber  to  use  for  the  final  test  series.  Based 
on  those  results  the  ZP  30/. 40  "Dramix"  deformed  fiber  was  chosen 
because  first  of  all,  for  the  same  volume  percentage,  the  deformed 
fibers  proved  to  be  superior  to  the  straight  fiber  in  load  carrying 
capacity  in  tension  due  simply  to  the  bent  ends  increasing  the 
development  length.  Since  one  purpose  of  the  study  was  to 
investigate  the  effect  of  varying  aspect  ratio  and/or  length  on  the 


429 


different  material  properties,  the  "Flbercon"  fiber  which  was 
available  In  only  one  size  was  never  Intended  to  be  used  In  the 
final  test  series.  The  mix  employing  the  ZP  30/. 40  deformed  fiber 
produced  experimental  results  that  were  Intermediate  with  all  other 
mixes  tested  In  the  preliminary  series.  The  consistency  of  this  mix 
was  good  and  the  reproducibility  of  the  test  results  was  very  good. 
Above  all,  from  a  workability  standpoint,  this  mix  was  the  easiest 
to  work  with  and  specimens  could  be  the  most  easily  prepared  using 
this  mix. 

Many  conclusions  are  drawn  from  the  final  test  series.  First 
of  all,  under  multi  axial  compression,  the  material's  deformational 
and  strength  response  Is  strongly  stress  path  and  confining  pressure 
dependent  resulting  In  a  bullet-shaped  failure  envelope.  These 
observations  are  nothing  new  to  plain  concrete  behavior  and  should 
be  been  anticipated  for  the  SFRC  as  well. 

The  coupling  between  stress  deviation  %Q  and  volumetric 
response  eQ  (the  dllatancy  effect)  was  observed  to  be  also  stress 
path  dependent  for  higher  confining  pressures  but  independent  of  the 
stress  path  for  the  lowest  confining  pressure  employed  in  the 
tests.  From  this  coupling  response  came  the  decision  to  use  the 
point  of  dilation  (transition  from  volume  contraction  to  expansion) 
as  failure,  as  past  researchers  have  done  for  plain  concrete, 
because  It  was  an  easily  quantifiable  value  from  the  response  rather 
than  guessing  at  a  value  at  which  ductile  failure  might  occur,  i.e.. 
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the  value  of  tq  at  which  Gj  *  0.  The  point  of  dilation  has  been 
described  as  the  onset  of  unstable  fracture  propagation  or  the  point 
of  critical  energy  release  in  the  material. 

Several  constitutive  models  were  Investigated  for  predicting 
the  strength  and  behavior  of  the  SFRC.  They  were  the  Willam-Warnke 
and  Lade  failure  criteria  and  Gerstle's  "Simple  Formulation"  for  the 
stress-strain  behavior.  Both  of  the  Investigated  failure  criteria 
predicted  the  strength  of  the  SFRC  very  well  when  calibrated  for 
that  material.  The  Willam-Warnke  failure  criterion  proved  to  be 
very  sensitive  to  the  input  data  and  gave  very  spurious  results  when 
calibrated  from  strength  data  obtained  from  tests  where  the  specimen 
type  and  boundary  conditions  were  different.  The  Lade  failure 
criterion  proved  to  be  less  sensitive  to  the  input  data  because  it 
employs  a  regression  analysis  to  determine  the  model  parameters, 
whereas  the  Willam-Warnke  criterion  does  not.  Based  on  these 
results,  it  was  deduced  that  no  model  should  be  calibrated  from 
tests  where  the  boundary  conditions  and  specimen  types  differ. 

The  normality  of  the  SFRC  was  examined  by  plotting  the 
post-peak  plastic  strain  increment  vectors  and  superimposing  them  on 
the  failure  surface.  With  failure  defined  as  dilation,  no  claim  to 
normality  can  be  made  for  this  material,  as  one  would  expect,  since 
concrete  is  not  an  elastic-perfectly  plastic  material. 

Gerstle's  "Simple  Formulation"  proved  to  work  quite  well  in 
predicting  the  stress-strain  behavior.  The  formulation  appears  to 
capture  the  essential  characteristics  of  the  material's  response  but 
certain  shortcomings  are  foreseen  in  the  model  that  did  not  affect 
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the  behavior  predictions  of  the  SFRC.  At  this  point  the  formulation 
is  incapable  of  predicting  material  behavior  under  tensile  or  cyclic 
loads.  Stress-Induced  anisotropy  is  not  possible  either.  In 
addition,  the  only  way  the  formulation  incorporates  the  stress  path 
is  via  the  arbitrary  failure  criterion  employed  by  It.  If  a  failure 
criterion  that  does  not  Include  the  third  stress  Invariant  had  been 
used,  the  formulation  would  be  totally  stress  path  independent. 

All  In  all,  the  bottom  line  conclusions  from  the  multi  axial 
tests  are  that  the  SFRC  appears  to  possess  many  of  the  same 
characteristics  under  multi  axial  compression  as  plain  concrete. 

Even  constitutive  models  formulated  for  plain  concrete  work  well  for 
the  SFRC  in  the  range  of  stresses  investigated  in  this  research. 

For  higher  confining  pressures,  it  remains  to  be  seen  how  much  more 
ductile  this  material  is  than  plain  concrete.  But  more  importantly, 
the  improvements  in  this  material  over  plain  concrete  under  combined 
compression-tension  loads  are  needed. 

6.3  Recommendations  for  Future  Work 

As  just  mentioned,  tests  in  the  low  compression  and  combined 
tension  compression  regimes  are  needed  in  order  to  elucidate  the 
response  of  the  material  under  this  type  of  loading  and  see  what 
improvements  the  SFRC  offers  over  plain  concrete,  since  the  fibers 
are  supposed  to  greatly  improve  the  tensile  capabilities  of  the 
material . 

It  is  also  necessary  to  conduct  some  multiaxial  compression 
tests  on  the  same  plain  concrete  mix  as  used  in  the  SFRC,  but  of 
course  without  the  fibers,  to  see  what  improvements  overall  are 
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provided  by  the  addition  of  steel  fibers  to  a  plain  concrete  mix. 
This  is  necessary  because  one  cannot  simply  take  behavior  results 
from  any  plain  concrete,  normalize  them,  and  apply  them  to  this 
plain  concrete  used  for  the  SFRC  simply  because  the  materials  are 
completely  different. 

It  would  be  Interesting  to  have  test  results  where  the  fiber 
volume  percentage  were,  say,  twice  as  much  as  what  was  used  In  this 
research,  to  observe  the  effect  of  Increasing  fiber  concentration  on 
the  material  properties.  With  a  fiber  concentration  of  160  lbs/yd3, 
the  mix  would  still  be  workable,  but  approaching  the  limit  of 
workability,  as  discussed  In  Chapter  2. 
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Fig.  A. 6.  Principal  Stress-Strain  Results  from  Preliminary  Tests. 


Fig.  A. 13.  Octahedral  Stress-Strain  Results  from  Preliminary  Tests. 


Fig.  A. 16.  Octahedral  Stress-Strain  Results  from  Preliminary  Test 
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Fig.  A. 19.  Octahedral  Stress-Strain  Results  from  Preliminary  Tests. 


Fig.  A. 21.  Octahedral  Stress-Strain  Results  from  Preliminary  Tests. 


Fig.  A. 22.  Octahedral  Stress-Strain  Results  from  Preliminary  Tests. 
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Fig.  A. 24.  Octahedral  Stress-Strain  Results  from  Preliminary  Tests. 
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